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Polyol Dehydrogenases 


2. THE POLYOL DEHYDROGENASES OF ACETOBACTER SUBOX YDANS 


AND CANDIDA UTILIS* 


By A. C. ARCUS} anp N. L. EDSON 
Department of Biochemistry, Medical School, University of Otago, New Zealand 


(Received 22 February 1956) 


In the first communication of this series it was shown 
that the polyol dehydrogenase of rat liver reacts 
specifically with diphosphopyridine nucleotide and 
polyhydric alcohols (pentitols, hexitols, heptitols) 
which contain configuration (I) or (II) (McCorkin- 
dale & Edson, 1954). 


CH,.OH CH,.OH 
| | 
H—C*—OH H—C*—OH 
| | 
HO—C—H H—C—OH 
| | 
H—C—OH H—C—OH 
| | 
(I) (II) 


* Site of oxidation. 


Pending critical tests of homogeneity on purified 
material, it has been assumed that the rat-liver 
preparation contains a single enzyme (t-iditol 
dehydrogenase) possessing a specificity rule different 
from the Bertrand—Hudson rule, which applies to 
cultures of Acetobacter. 

Bertrand (1898, iy04) discovered the selective 
oxidation of polyols in proliferating cells of Aceto- 
bacter xylinum and enunciated the well-known rule 
that was confirmed and extended by later workers 
who preferred to study Acetobacter suboxydans 
(Kluyver & de Leeuw, 1924; Reichstein, 1934; 
Steiger & Reichstein, 1935; Hann, Tilden & 
Hudson, 1938; Fulmer & Underkofler, 1947; 
Bernhauer, 1938, 1950; Stewart, Richtmyer & 
Hudson, 1949, 1952; Totten & Lardy, 1949; 
Bollenback & Underkofler, 1950; Richtmyer, 
Stewart & Hudson, 1950; Pratt, Richtmyer & 
Hudson, 1952). : 

The contrast between the specificity of the rat- 
liver enzyme and the behaviour of Acetobacter 
(Edson, 1953; MceCorkindale & Edson, 1954) makes 
it desirable to study the oxidation of polyhydric 
alcohols in cell-free extracts of the bacteria. This 
communication shows that A. suboxydans contains 
at least two polyol dehydrogenases, one of which is 
responsible for the reactions described by the 


* Part 1: McCorkindale & Edson (1954). 
+ Research Fund Fellow, University of New Zealand. 
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Bertrand—Hudson rule; the other exhibits activity 
resembling that of an extract made from Candida 
utilis. 


MATERIALS AND METHODS 


Organisms. Acetobacter suboxydans, no. 621, was obtained 
from the American Type Culture Collection, Washington, 
D.C. It was grown at 30° for 3 days in a yeast-water medium 
to which 0-3 % (w/v) of KH,PO, and 2% (w/v) of glycerol 
were added (pH about 5-5). The cultures (100 ml. of medium 
in 500 ml. conical flasks) were aerated by continuous shaking. 
Yeast water was prepared by boiling 1 lb. of baker’s com- 
pressed yeast with 400 ml. of water for 30 min., allowing the 
yeast to settle overnight, filtering the supernatant through 
kieselguhr and making the volume up to 51. with water. 

Candida utilis (strain Y 90/77) was obtained through the 
courtesy of the Northern Regional Research Laboratories, 
Department of Agriculture, U.S.A. The stock culture was 
maintained on malt—agar slopes. For experiments the 
organism was transferred either to the glucose-containing 
basal medium of Schultz & Atkin (1947) or to a medium 
having the following composition: 2-0 g. of KH,PO,, 0-25 g. 
of anhydrous CaCl,, 05g. of MgSO,,7H,O, 45g. of 
(NH,).SO,, 20 g. of mannitol and tap water to 11. The 
cultures were incubated at 30° for 2 days and continuously 
shaken. 

Cell-free extracts. The cells of A. suboxydans were harvested 
and washed three times with water by centrifuging. Washed 
cells (5-10 g.) were suspended in sufficient 0-01 M-Na,HPO, 
solution to make a total volume of 25 ml., and disrupted by 
treating for 40 min. in a Raytheon 9 keyc./sec. sonic disinte- 
grator. The cup assembly of the apparatus was set up in a 
cold room at 2-3° and the internal temperature of the cup 
kept at 0-1° by circulation of ice-water (1-8 1./min.). The 
extract was clarified by centrifuging at 20000 g for 30 min. 
in a centrifuge operating at — 5°, and dialysed against water 
for 12 hr. at 2°. The extracts were clear red-brown solutions, 
opalescent in reflected light. Examination with a direct- 
vision spectroscope revealed cytochrome absorption bands 
centred approximately at 527 and 554 mu., the latter band 
being narrower and more intense. The full enzymic activities 
are retained for several weeks if the extract is frozen. 

The cells of C. utilis were harvested and washed three 
times with 0-9% (w/v) NaCl solution. Extracts were 
prepared either by hand-grinding 1 g. of wet cells and 2 g. of 
powdered Pyrex glass moistened with 0-1mM-Na,HPO, to 
give a thick paste and adjusting to 10 ml. with the same 
phosphate solution, or by autolysis of vacuum-dried cells 
(1 g. of dry cells/5 ml. of water at 38° for 3 hr.). The crude 
extracts were clarified by centrifuging and dialysed against 
water for 24 hr. at 2°. 

Bioch. 1956, 64 








386 

Polyols and sugars. D- and u-Iditol and L-rhamnitol 
(gifts) were prepared by Dr D. R. D. Shaw. The sources of 
the other polyols and of the sugars used in this work are 
acknowledged in the first paper (McCorkindale & Edson, 
1954). 

Coenzymes. Diphosphopyridine nucleotide (DPN) and 
triphosphopyridine nucleotide (TPN) were the chromato- 
graphically purified products of the Sigma Chemical Co., 
St Louis, U.S.A.; reduced diphosphopyridine nucleotide 
(DPNH) was the product of the same firm. 





Analytical methods 

The analytical methods were essentially the same as 
those used by McCorkindale & Edson (1954). Ketoses, 
however, were determined by Kulka’s (1956) modification 
of the method of Bacon & Bell (1948) after deproteinization 
and, when necessary, removal of methylene blue. Fructose 
and sorbose were determined in mixtures by measuring the 
total ketose in a portion of the original solution, the fructose 
was destroyed by fermentation with baker’s yeast (10%, 
w/v) for 4 hr. at 30°, the yeast was removed by centrifuging, 
and the residual ketose estimated. Thus the fructose was 
determined by difference. A water blank containing the 
same quantity of yeast corrected for the small amount of 
resorcinol-reacting material which is extracted from the 
yeast during the fermentation (0-16 umole as fructose). 


Preparation of phenylosazones 

The preparations were carried out as before (McCorkindale 
& Edson, 1954). The phenylosazone of sorbose was amor- 
phous when prepared by this method. It was crystallized by 
dissolving in water at 100° and evaporating until a faint 
cloudiness appeared. The container was stoppered, im- 
mersed in a water bath at 100° for 0-5 hr. and the bath 
allowed to cool slowly to room temperature. 


RESULTS 


Oxidation of mannitol and sorbitol by extracts 
of Acetobacter suboxydans 


At pH 8 dialysed extracts of A. suboxydans reduced 
methylene blue anaerobically in the presence of 
added DPN and either mannitol or sorbitol. When 
methylene blue was omitted and the reactions were 
carried out aerobically, O, was consumed and the 
products of oxidation accumulated. Mannitol gave 
fructose as expected, but sorbitol also formed 
fructose. This was surprising because A. suboxydans 
grown in yeast-water media at pH 5-6-8 oxidizes 
sorbitol to sorbose in a yield greater than 90% 
(Fulmer & Underkofler, 1947). At pH 5-5 the 
extracts did not reduce methylene blue anaerobically 
on addition of polyols and DPN. Aerobically with 
methylene blue omitted the enzyme system, like 
the intact bacteria, converting 
mannitol into fructose and sorbitol into sorbose. 
The behaviour of the bacterial extract is explained 
by the experiments illustrated in Figs. 1 and 2. 
ketose 


consumed QO,, 


Oxygen consumption and _ simultaneous 


formation were measured at pH values from 5-6 to 
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7-9. The conversion of mannitol into fructose occurs 
throughout this range of pH but the rate of oxida- 
tion exhibits a minimum about pH 6-5. The rate of 
oxidation of sorbitol also passes through a minimum 
(pH 6-4); at pH 7-1-7-9 the product is entirely 
fructose, whereas at pH 5-6 it is almost entirely 
sorbose. At intermediate pH values the product is 
a mixture of the two ketoses in proportions which 
depend on the pH. At all pH values the O, uptake 
and the ketose formation correspond to the stoiche- 
iometry of the reaction: 


polyol + 0-50, = ketose + H,O. 


These experiments indicated that extracts of A. 
suboxydans contain two distinct polyol dehydro- 
genases, one most active about pH 5-5 (‘acid’ 
enzyme) and the other about pH 8 (‘alkaline’ 


15 


10 


Ketose (moles) 





Fig. 1. Effect of pH on the oxidation of sorbitol in dialysed 
extracts of A. suboxydans. Each Warburg flask contained 
0-5 ml. of dialysed bacterial extract, 150umoles of 
potassium phosphate buffer, 0-4umole of DPN and 
150pmoles of sorbitol (added from side bulb after 
equilibration). Volume, 2-7 ml. Gas, air. Temp., 25°. 
Time, 1 hr. A, Fructose (analysis); A, sorbose (analysis) ; 
@, total ketose (analysis); O, total ketose (calculated 
from O, uptake on the basis 0-5 umole of O, consumed = 
1-0 pmole of ketose formed). 
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Fructose (moles) 


°55 6:0 65 7:0 75 8-0 
pH 
Fig. 2. Effect of pH on the oxidation of mannitol in 
dialysed extracts of A. suboxydans. Substrate, 150p- 
moles of mannitol. Conditions otherwise the same as in 
Fig. 1. @, Fructose (analysis); O, fructose (calculated 
from O, uptake as in Fig. 1). 
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enzyme). This view was confirmed by experiments 
(Table 1) which show that the ‘alkaline’ enzyme 
requires added DPN as a cofactor but the ‘acid’ 
enzyme does not. 


Partial separation of the ‘acid’ and 
‘alkaline’ enzymes 


After a bacterial extract had been dialysed for 
1 week and repeatedly frozen and thawed the ‘acid’ 
enzyme separated in a brown flocculent precipitate. 
The supernatant containing the ‘alkaline’ enzyme 
no longer took up O, at pH 8 in the presence of 
polyols and DPN unless methylene blue was added. 
The natural hydrogen carrier is associated with 
the particles containing the ‘acid’ enzyme. The 


Table 1. Effect of DPN on the oxidation of mannitol 
and sorbitol by an extract of A. sauboxydans 


Each Warburg flask contained 0-5 ml. of dialysed 
bacterial extract, 15 umoles of KH,PO, (to give pH 5) or 
l5umoles of Na,HPO, (to give pH 8), 0-4umole of DPN 
where indicated, and 150 moles of substrate (added from 
the side bulb after equilibration). Volume, 2-5 ml. Temp., 
25°. Gas, air. Time, 1 hr. Inseal, 0-2 ml. of 10% (w/v) 
KOH. 

O, uptake 


(umoles) 
pH DPN Mannitol Sovbitol 
5 Absent 33-6 38-7 
5 Present 32-4 37-6 
8 Absent 0-4 0-9 
8 Present 5-5 6-9 
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enzymes were partially separated in the following 
ways: 

(1) An effective method, which was not available 
as a routine, was centrifuging of freshly prepared 
bacterial extract for 2 hr. in a Spinco preparative 
centrifuge at 60000g. The ‘acid’ enzyme was 
largely in the residue, which formed a red gel, and 
most of the ‘alkaline’ enzyme in the straw-coloured 
supernatant (Table 2). 

(2) A modification of the extraction procedure 
gave a primary separation. The sonic disintegration 
was performed with the usual proportions of 
bacteria in 0-06M sodium acetate solution instead of 
in phosphate solution, and the extract clarified as 
usual. The extract was then frozen, thawed and 
centrifuged repeatedly until the supernatant was 
quite clear. The residue was suspended in 0-06m 
sodium acetate solution and washed several times 
with this solution. The ‘acid’ enzyme was in the 
precipitate and the ‘alkaline’ enzyme in the super- 
natant (Table 2). 

(3) The two enzymes are separated less effectively 
by precipitation with ammonium sulphate at 0°. 
Addition of solid ammonium sulphate (6-25 g.) to 
25 ml. of bacterial extract freshly prepared by sonic 
disintegration in 0-01M-Na,HPO, solution gave a 
brown precipitate which was separated by centri- 
fuging, dispersed in 25 ml. of water and dialysed 
overnight (fraction P). Ammonium sulphate 
(2-5 g.) was dissolved in the supernatant and the 
resulting precipitate treated in the same way 
(fraction S). The activities of these fractions to- 
wards mannitol (Table 2) show that the ‘acid’ 


Table 2. Partial separation of the ‘acid’ and ‘alkaline’ enzyme present in extracts of A. suboxydans 


Each Warburg flask contained 0-5-1-0 ml. of enzyme preparation, buffer solution and 150 umoles of mannitol. In the 
absence of substrate O, uptake was negligible in all preparations. In the flasks containing alkaline-buffer solutions 
0-4umole of DPN and 1-6ymoles of methylene blue were also present. In experiments with the ammonium sulphate 


preparation 3ymoles of CaCl, were added. Volume, 2-8 ml. Gas, air. Temp., 25 


(w/v) KOH. 


25°. Time, lhr. Inseal, 0-2 ml. of 10% 


O, uptake 


Enzyme preparation Buffer pH (umoles) 
Centrifuging (60 000 g): 
Precipitate Phosphate, 100 pmoles 5-0 3-3 
7:8 0-8 
Supernatant 5-0 0-3 
78 9-3 
Sodium acetate procedure: 
Precipitate Phosphate, 15 umoles 56 6°5 
7-5 0-1 
Supernatant 5-6 0-4 
7-5 1-4 
Ammonium sulphate procedure: 
Precipitate (P) Tris—succinic* acid, 1-0m-mole = 4-7 7-6 
7-9 5:7 
Supernatant (S) 4-7 0-3 
7-9 3-8 


* This buffer was made by mixing appropriate volumes of 0-2m aminotrishydroxymethylmethane (tris) solution and 


0-1M succinic acid solution. 


» 


2-2 
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enzyme is almost entirely in fraction P, but 


two-thirds of the ‘alkaline’ enzyme remains in 
fraction P. 


Properties of the ‘acid’ enzyme 

In some experiments partially separated ‘acid’ 
enzyme was used; in others the unfractionated 
bacterial extract was examined at pH 5 to eliminate 
the activity of the ‘alkaline’ enzyme. The prepara- 
tions always contained the red-brown pigment 
showing cytochrome absorption bands. 

Solubility. Although the subcellular particles 
containing the ‘acid’ enzyme are well dispersed by 
sonic treatment, they are flocculated by the opera- 
tions described in the preceding section. Since they 
are aggregated at pH 5-6 the properties of the 
enzyme were studied in a suspension of extremely 
fine particles which do not sediment at centrifugal 
speeds up to 4000 rev./min. for 30 min. They are 
redispersed in solutions at pH 8. Dispersion with 
commercial detergents and sodium deoxycholate 
(0-2 %) was successful at lower pH values, but the 
enzyme was inactivated. 

Effect of pH. The curve relating activity to pH 
(Fig. 3) shows an optimum at pH 5-4 in the buffer 
used. Citric acid buffer was precluded because 
citrate inactivated the enzyme. 

Substrate concentration. The effect of mannitol 
concentration on the rate of O, uptake at 25° was 
studied with a ‘sodium acetate preparation’ con- 
taining 0-017M-KH,PO, (pH 5). A plot of S/v 
against S by the method of Lineweaver & Burk 
(1934) gave a linear graph from which K,, was 
found to be 3-4 x 10-?o. 

Effect of HCN. Oxygen uptake at 25° and pH 5 
(0:005M-KH,PO,) in the presence of mannitol 
(150 pmoles) was almost completely inhibited by 
10-*m-HCN in all preparations. Since anaerobic 
oxidation of mannitol with phenol blue or ferri- 


30 
20 


10 


O, uptake (moles) 


3 4 5 6 7 8 
pH 
Fig. 3. Effect of pH on the activity of the ‘acid’ enzyme 
from A. suboxydans. Each Warburg flask contained 


1-0 ml. of dialysed bacterial extract, 25 umoles of succinic 
acid~Na,HPO, buffer and 150 zmoles of mannitol (added 
from the side bulb after equilibration). Volume, 2-5 ml, 
Gas, air. Temp., 25°. Time, 1 hr. 
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cyanide as oxidant was not inhibited, the locus of 
cyanide inhibition is likely to be the cytochrome 
carrier. 

Anaerobic reduction of ferricyanide and dyes. On 
addition of mannitol (150 moles) the dialysed 
bacterial extract reduced ferricyanide and several 
redox indicators (10-4M), e.g. phenol blue (0-3 min.), 
phenolindo-2:6-dichlorophenol (6 min.) and o0- 
chlorophenolindo-2:6-dichlorophenol (8 min.). The 
approximate visual reduction times are given in 
brackets. Methylene blue, pyocyanine and brilliant 
cresyl blue were not reduced. Reduction of phenol 
blue or ferricyanide can be used under anaerobic 
conditions, or in the presence of cyanide, to deter- 
mine the activity of the dehydrogenase by measur- 
ing decrease in optical density at 655 and 420 mu. 
respectively (Fig. 4). 

Cofactors. Although the addition of DPN does 
not increase the activity of the ‘acid’ enzyme 
(Table 1) it is possible that the coenzyme is firmly 
bound. A requirement for DPN or TPN was not 
induced by dialysis against water (6 days at 2°), 
0-01M-Na,HPO, solution or 0-01™M acetate buffer, 
pH 4-5 (48 hr. at 2°), or by treatment with charcoal 
(Norit A, Pfanstiehl Chemical Co., U.S.A.) according 
to Velick, Hayes & Harting (1953). The absorption 
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Fig. 4. Reduction of ferricyanide and phenol blue by the 
‘acid’ enzyme of A. suboxydans. The cuvette containing 
potassium ferricyanide (3-Oumoles) also contained 
0-13 ml. of dialysed bacterial extract, 75ymoles of 
succinic acid~Na,HPO, buffer, pH 5-2, 150umoles of 
mannitol and 30 zmoles of KCN (to prevent reoxidation 
of the carrier system); volume, 3-0 ml.; temp., 20°. The 
cuvette containing phenol blue (1-0 zmole) also contained 
0-2 ml. of bacterial extract (tenfold dilution of the original 
dialysed extract), 18 zmoles of KH,PO, (to give pH 5) and 
150 pmoles of mannitol; nitrogen was bubbled through 
the reaction mixture before the substrate was added; 
volume, 3-0 ml.; temp., 20°. In the blank cuvettes 
water was substituted for the oxidant in both. There was 
no reduction in the absence of substrate. 
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spectrum of enzyme preparations did not show 
increased absorption in the wavelength range 
300-400 mu. on addition of mannitol anaerobically. 
Although these observations do not exclude 
completely the participation of DPN in the dehydro- 
genation, they make it unlikely. 

Attempts to separate the polyol dehydrogenase 
from the cytochrome and other constituents of the 
active particles by treatment with dilute alkali 
(pH 9-5) or with acetone or butanol (Morton, 1950) 
were unsuccessful. The activity was tested by 
following the reduction of phenol blue or ferri- 
cyanide spectrophotoneetrically. 

When the bacterial extract (50 ml.) was treated 
with sodium ethylenediaminetetraacetate (EDTA) 
(50 pmoles/ml. of extract adjusted to pH 7-1) and 
then dialysed to remove EDTA-—metal complexes, 
the power to consume O, in the presence of mannitol 
or sorbitol was lost. Oxygen consumption was 
restored by addition of Ca?+ and Mg?* ions. Treat- 
ment with both EDTA and ammonium sulphate 
induced a further requirement. EDTA (2-5 mm) 
was added to 50ml. of fresh bacterial extract 
(pH 7-1) and the mixture dialysed against water at 
2° for 3 days. Then ammonium sulphate (250 mg./ 
ml.) was dissolved in the extract and the pH brought 
to 9-0 with KOH. The precipitate was washed twice 
in ammonium sulphate solution (250 mg./ml., pH 
adjusted to 9), suspended in water and dialysed 
overnight. The activity, partly restored by addition 
of calcium and magnesium, was enhanced by 
another factor (Table 3). This ‘activator’ was pre- 
pared by heating (100° for 5 min.) a portion of the 
same bacterial extract which had been treated with 
EDTA and dialysed, but noi treated with ammonium 


Table 3. Effect of calcium and magnesium ions and of 
an ‘activator’ on a preparation of the ‘acid’ enzyme 
previously treated with EDTA and ammonium 
sulphate 


Each Warburg flask contained 0-5 ml. of dialysed ‘acid’ 
enzyme preparation which had been treated with EDTA 
and ammonium sulphate (see text), 100umoles of tris— 
succinic acid buffer, pH 5-0, and 150umoles of mannitol 
(added from the side bulb after equilibration). Volume, 
2-2 ml. Gas, air. Temp., 30°. Time, 1 hr. Inseal, 0-2 ml. of 
10% (w/v) KOH. 


Additions ‘ Activator ’* 
Ca?+ Mg?+ (0-5 ml. of O, uptake 

(10umoles) (l0umoles) solution) (umoles) 

= 3 <= 0-1 

- - + 0-1 

+ + - 0-5 

+ - + 3-4 

- + 8-3 

+ + + 11-1 


* See text for the preparation of the ‘activator’ solution. 
Note: the original extract (0-5 ml.) consumed 20-5 umoles 
of O, under the same conditions. 
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sulphate. The denatured protein was removed by 
filtration. While investigating the oxidation of 
cyclitols in extracts of A. suboxydans Franzl & 
Chargaff (1951) observed a similar effect due to a 
heat-stable factor present in the cells. The ions and 
the unidentified factor which restore the activity 
(measured manometrically or by anaerobic reduc- 
tion of ferricyanide) may be involved in some part of 
the hydrogen- or electron-transporting mechanism 
other than the polyol dehydrogenase. 

Cytochrome. The ‘acid’ enzyme preparations 
assume a pink tinge on addition of dithionite or an 
oxidizable polyol. The absorption spectrum of the 
oxidized pigment obtained by aeration shows a high 
maximum at 410 my., and the reduced form ob- 
tained by addition of 150 umoles of mannitol has 
the high maximum at 420 my. and low maxima 
at 520 and 550 my. An approximate difference 
spectrum plotted in a Beckman spectrophotometer 
with the oxidized form of the pigment in the 
reference cell showed maxima at 420, 520 and 
550 mu. and minima at 405, 450 and 525 my. These 
characteristics correspond fairly well to the 
accurate steady state values which Smith (1954a, 6) 
has determined in cell suspensions of A. suboxydans. 
Smith (19546) considers that the pigment of A. 
suboxydans is a unique bacterial cytochrome. 


Specificity of the ‘acid’ enzyme 


Table 4 shows the specificity of the enzyme 
towards polyols. Erythritol, ribitol, D-arabitol, 
mannitol, sorbitol and 6-deoxy-tL-gulitol are oxi- 
dized rapidly; xylitol, allitol, p-talitol, volemitol, 
perseitol and £-sedoheptitol are oxidized slowly; 
L-arabitol, D-gulitol, dulcitol, L-gulo-p-gala-heptitol 
and the cyclitols are not oxidized. With the ex- 
ception of the negative response to the cyclitols, 
these findings agree with the known behaviour of 
A. suboxydans in cultures. When oxidation occurred 
the product was a reducing substance giving a 
positive resorcinol test. Phenylosazones were 
prepared from a few of the products (Table 4). 
Although the ‘acid’ enzyme may exist in different 
states of aggregation in the preparations described, 
the specificity of all preparations was the same. 

The unfractionated bacterial extract has the 
ability to oxidize glycerol (cf. Hauge, King & 
Cheldelin, 1955), ethanol and n-, sec.- and iso- 
butanol. There was no increase of O, uptake in the 
presence of f¢ert.-butanol, fructose, sorbose or 
succinate (Table 5). 


Properties of the ‘alkaline’ enzyme 


In some experiments the partially separated 
enzyme was used; in others the unfractionated 
bacterial extract was employed at pH 8, which is 
outside the active range of the ‘acid’ enzyme. 
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Each Warburg flask contained 1-0 ml. of enzyme (ammonium sulphate preparation), 100 wmoles of tris-succinic acid 
buffer, pH 5-0, 10umoles (each) of CaCl, and MgCl,, 0-5 ml. of heated (100° for 5 min.) fresh bacterial extract and 
substrate. Volume, 2-2 ml. Gas, air. Temp., 30°. Time, 1 hr. Inseal, 0-2 ml. of 10% (w/v) KOH. 





O: 
Quantity uptake Reduction Resorcinol test 
Substrate (umoles) (umoles) test (Kulka, 1956) Phenylosazone 
None — 0-0 Negative Negative Negative 
Erythritol 150 17-3 Positive Ketotetrose _— 
Ribitol 150 6-2 Positive Ketopentose —- 
p-Arabitol 150 15-0 Positive Ketopentose — 
L-Arabitol 150 0-0 Negative Negative _ 
Xylitol 150 0-4 Positive Ketopentose _ 
Allitol 40 1-4 Positive Ketohexose Allosazone, m.p. 159-161° 
p-Mannitol 150 8-5 Positive Ketohexose Glucosazone, m.p. 208° (decomp.) 
p-Gulitol 40 0-0 Negative Negative _ 
Sorbitol (L-gulitol) 150 6-4 Positive Ketohexose Idosazone, m.p. 160-164° 
Dulcitol (galactitol) 150 0-0 Negative Negative — 
p-Talitol 40 1-8 Positive Ketohexose — 
6-Deoxy-L-gulitol 40 7-4 Positive Deoxyketohexose 6-Deoxyidosazone, m.p. 168-172° 
Perseitol (D-manno-p- 40 1-9 Positive Ketoheptose Perseulosazone, m.p. 194-197° 
gala-heptitol) (decomp.) 
Volemitol (p-manno-p- 40 1-4 Positive Ketoheptose _- 
talo-heptitol) 
B-Sedoheptitol (L-gulo-p- 40 0-4 Positive Ketoheptose -— 
talo-heptitol) 
L-gulo-p-gala-Heptitol 40 0-0 Negative Negative —_— 
meso-Inositol 150 0-0 Negative — 
( +)-Inositol 30 0-0 — Negative — 
( — )-Inositol 30 0-0 — Negative _ 


Note: activity could not always be tested at high substrate concentrations because the supply of certain polyols was 
strictly limited. This applies also to Tables 7 and 9. 


Table 5. Oxidation of glycerol and butanol 
by an extract of A. suboxydans 


~ 
° 


Each Warburg flask contained 0-2 ml. of dialysed 
bacterial extract, 10 zmoles of 0-1M succinic acid-Na,HPO, 
buffer, pH 5-0, and 150 wmoles of substrate (added from the 
side bulb after equilibration). Volume, 1-0 ml. Gas, air. 
Temp., 25°. Time, 1 hr. Inseal, 0-2 ml. of 10% (w/v) KOH. 


O, uptake (jzmoles) 
ch 


oO 


O, uptake 4 5 6 7 8 9 

Substrate (umoles) pH 

None 0-0 Fig. 5. Effect of pH on the activity of the ‘alkaline’ enzyme 
Glycerol 7-2 from A. suboxydans. Each Warburg flask contained 
on , a 1-0 ml. of ‘alkaline’ enzyme solution (sodium acetate 
8 ey 3.0 preparation), 20umoles of succinic acid-—K,PO, buffer, 
Seat Miideond 0-0 0-4 pmole of DPN, 1-6 umoles of methylene blue and 
Ethanol 4-6 150 zmoles of mannitol (added from the side bulb after 


equilibration). Volume, 2-8 ml. Gas, air. Temp., 25°. 
Fal toe Time, 1 hr. 

Table 6. Codehydrogenase specificity of the es a aan = 

‘alkaline’ enzyme Requirement for DPN and a hydrogen carrier. At 

Each Warburg flask contained 0-5 ml. of dialysed pH 8 the dialysed unfractionated extract takes up 

bacterial extract, 15umoles of sodium phosphate buffer, O, in the presence of mannitol or sorbitol if DPN is 

pH 8-0, 0-4ymole of coenzyme and 150yumoles of sub- gdded (Table 1). When TPN is substituted for DPN 


strate. Volume, 2-7 ml. Gas, air. Temp., 25°. Time, 1 hr. the activity is slight (Table 6). After removal of 





Inseal, 0-2 ml. of 10% (w/v) KOH. 45 . . 

‘ o (w/v) the ‘acid’ enzyme and the associated carrier the 

O, uptake (umoles) ‘alkaline’ enzyme does not promote O, consump- 

ee ores ne blue (opti -oncentration 
Coenzyme Stadia Sorbitol tion until methylene blue (optimum concentrati 


. 10-4) is added. 
None 0-4 of mite 
on 565 = Effect of pH. The pH-activity curve shows an 


DPN 5-5 6-9 


TPN 0:8 1-3 optimum at pH 7-8 in the buffer used (Fig. 5). 
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Effect of HCN. The aerobic oxidation of polyols in 
the unfractionated extract at pH 7-8 is strongly 
inhibited by HCN (10-*m), but O, uptake is not 
reduced by cyanide when the same oxidations are 
carried out with methylene blue as hydrogen 
carrier. 

Substrate concentration. The rate of reaction 
catalysed by the ‘alkaline’ enzyme increases with 
substrate concentration to attain a maximum in the 
presence of approximately 0-15M substrate, but the 
Lineweaver—Burk plot is not linear with mannitol or 
sorbitol. 


Substrate specificity of the ‘alkaline’ enzyme 

Table 7 shows the activity of the ‘alkaline’ 
enzyme towards polyols measured by the rate of 
reduction of DPN. Xylitol, mannitol, sorbitol, 
p-sedoheptitol and 1-gulo-p-gala-heptitol are oxi- 
dized rapidly; p- and L-arabitol, p-talitol, L-iditol 
and volemitol are oxidized slowly. Erythritol, 
ribitol, D-gulitol, dulcitol, p-iditol, L-rhamnitol, 
perseitol and the cyclitols are not oxidized. The 
products of oxidation accumulating in aerobic 
experiments were reducing substances giving 
positive resorcinol tests. The ketose obtained from 
mannitol or sorbitol gave typical phenylglucosazone 
crystals, m.p. 202—206° (decomp.). A manometric 
experiment with a sodium acetate preparation of the 
enzyme (2-0 ml. in 0-:05m phosphate buffer, pH 7-8) 
showed no O, uptake in the presence of DPN 
(0-4 umole), methylene blue (1-6 uzmoles) and allitol, 
glycerol, ethanol, fructose or sorbose (150 pmoles). 

The product of sorbitol oxidation was analysed 
chromatographically. Each of two Warburg flasks 
contained in 2-9 m1. of sclution 2-0 ml. of ‘alkaline’ 
enzyme (ammonium sulphate preparation), 300 p- 
moles of sodium phosphate buffer, pH. 7-8, 1-0 pmole 
of DPN, 1-6ymoles of methylene blue and 600 p- 
moles of sorbitol. To one flask 60 umoles of sorbose 
was also added. Oxygen uptake at 30° was 
22 umoles/6 hr. in each flask. The contents of the 
flasks were passed successively through columns of 
Amberlite IR-120 (H* form) and Amberlite IR-4B 
(HCO, form) to remove protein, methylene blue 
and ions. The eluates were evaporated to dryness in 
vacuo at room temperature, the residues taken up in 
0-2 ml. of water and subjected to descending paper 
chromatography at 25° with a solvent composed 
of water-saturated phenol containing 0-:04% of 
8-hydroxyquinoline (Block, 1950). The chromato- 
grams were sprayed with an orcinol reagent 


(Bevenue & Williams, 1951), heated at 110° for 
10 min. and the spots examined under ultraviolet 
light. The product from the flask which initially 
contained sorbitol gave a single spot with the same 
R, value (0°52) as authentic fructose run con- 
currently, and the product from the flask which 
originally contained sorbitol and sorbose gave two 
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well-separated spots with the same R, values as the 
reference spots due to authentic specimens of 
fructose (0-52) and sorbose (0-41) run concurrently. 

Since sorbose is not oxidized, this experiment 
shows that the ‘alkaline’ enzyme converts sorbitol 
into fructose without forming a trace of sorbose 
detectable by the method used. 

Reversibility. The oxidation of DPNH by p- 
xylulose, fructose, sorbose and _ perseulose is 
illustrated in Table 7 (cf. L-iditol dehydrogenase, 
McCorkindale & Edson, 1954). 

Possibility of the ‘alkaline’ enzyme being an arti- 
fact. Since the ‘alkaline’ enzyme possessed mannitol- 
oxidizing power, it seemed possible that this 
enzyme might be a fragment which had been derived 
from the ‘acid’ enzyme during sonic treatment and 


Table 7. Substrate specificity of the ‘alkaline’ 
enzyme of A. suboxydans 


Each cuvette contained 0-5 ml. of ‘alkaline’ enzyme 
solution (ammonium sulphate preparation), 460 wmoles of 
tris-succinic acid buffer, pH 7-8, 0-4mole of DPN or 
0-01 pmole of DPNH and substrate as indicated. Volume, 


3-0 ml. Temp., 20°. s , 
Optical density 


Quantity (340 mz.) 
Substrate (umoles) Increase/9 min. 
With DPN 

None _- 0-000 
Erythritol 180 0-000 
Ribitol 120 0-004 
p-Arabitol 120 0-033 
L-Arabitol 120 0-034 
Xylitol 10 0-303 
Mannitol 10 0-176 
p-Gulitol 25 0-001 
Sorbitol (L-gulitol) 10 0-184 
Dulcitol 100 0-000 
v-Talitol 200 0-039 
p-Iditol 10 0-006 
L-Iditol 12 0-079 
L-Rhamnitol 100 0-007 
Volemitol 20 0-056 
Perseitol 30 0-000 
B-Sedoheptitol 35 0-138 
L-gulo-p-gala-Heptitol 30 0-163 
meso- Inositol 100 0-001 
( +)-Inositol 10 0-003 
( —)-Inositol 10 0-005 

Initial 

With DPNH decrease/min. 
None — 0-003 
p-Xylulose 10 0-170 
p-Fructose 10 0-030 
L-Sorbose 10 0-005 
p-Tagatose 150 0-003 
p-Mannoheptulose 10 0-003 
p-Glucoheptulose 10 0-003 
Perseulose 10 0-007 
Decrease/15 min. 

None —- 0-044 
L-Sorbose 10 0-075 
Perseulose 10 0-105 
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had acquired a greater range ‘of polyol-oxidizing 
power in the process. To test this possibility ‘acid’ 
enzyme that had been freed of ‘alkaline’ enzyme by 
sodium acetate treatment (see earlier) was subjected 
a second time to the action of the sonic disintegrator. 
The ‘acid’ enzyme preparation was also digested 
with various concentrations of trypsin at 25° for 
lhr. The ‘alkaline’ enzyme activity was not 
produced in any of these experiments. 


‘ Alkaline’ enzyme in the intact cells of 
Acetobacter suboxydans 


Although A. suboxydans is normally cultivated in 
acid media and does not grow at pH 7-8, washed 
cells suspended in 0-01m phosphate buffer, pH 7-5, 
consumed QO, rapidly at 25° in the presence of 
sorbitol (150 pmoles). In the absence of substrate 
there was no O, uptake. During the oxidation of 
sorbitol 38 pzmoles of O, were consumed in | hr. and 
11-7 umoles of fructose and 18-9 wmoles of sorbose 
accumulated in the medium. The experiment 
appears to show that both the ‘alkaline’ and ‘acid’ 
enzyme are functioning in the cells, the action of the 
latter predominating, although the external pH is 
higher than the pH at which the extracted ‘acid’ 
enzyme ceases to oxidize sorbitol to sorbose. If 
these facts are to be explained in terms of enzymic 
properties, it would seem that the cells are able 
actively to maintain an internal H™ ion concentra- 
tion exceeding that of the external medium. 
Alternatively, they may transform fructose into 
sorbose. 


Polyol dehydrogenase activities of Candida utilis 


Mannitol and sorbitol, but not dulcitol (Table 8), 
are oxidized by a washed suspension of C. utilis, the 
cells of which were grown in the glucose-containing 
medium of Schultz & Atkin (1947). The same effects 
are observed in suspensions of cells grown in a 
mannitol medium (see Methods). Ketoses do not 
accumulate in the suspending medium. 

Dialysed cell-free extracts of C. utilis reduce 
DPN in the presence of polyols, the optimum pH for 
the reaction with mannitol being 9-4. The specificity 
of this polyol dehydrogenase preparation is illus- 
trated in Table 9. Mannitol, sorbitol, xylitol and 
L-rhamnitol are oxidized rapidly; D-arabitol is 
oxidized slowly; erythritol, ribitol, L-arabitol, p- 
and L-iditol, dulcitol, meso-inositol and glycerol do 
not reduce DPN significantly at the concentrations 
used. Table 9 also contains a demonstration of 
reversibility: fructose oxidizes DPNH rapidly, 
sorbose slowly. Tagatose does not react. 

Dialysed extracts of C. utilis do not consume O, 
in the presence of polyols unless DPN and methylene 
blue are added to the reaction mixture. The products 
accumulating are reducing substances which give 
ketose colour reactions with resorcinol. The product 
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of mannitol oxidation gave typical phenylglue- 
osazone crystals, m.p. 208-209° (decomp.). The 
products of sorbitol oxidation were obtained from 
a Warburg flask in which 3 ml. of C. utilis extract 
was shaken at 30° in air with 300 pmoles of phosphate 
buffer, pH 7-8, 0-4umole of DPN, 1-6umoles of 
methylene blue and 500 «moles of sorbitol. The O, 
uptake was 9-8 yumoles/12 hr. in the presence of 
sorbitol and negligible in its absence. At the end of 
the experiment the flask contents were deprotein- 
ized, concentrated by the method described for a 
similar experiment with the ‘alkaline’ enzyme of A. 
suboxydans (see above) and subjected to the same 
chromatographic analysis. The chromatogram 
showed two well-separated spots corresponding in 
colour and R, values to those obtained from a 


Table 8. Oxidation of hexitols by a 
washed suspension of C. utilis 


Each Warburg flask contained 15 mg. of washed cells in 
2-0 ml. of 0-9 % (w/v) sodium chloride solution, 200 pmoles 
of sodium phosphate buffer, pH 6-8, and substrate (added 
from the side bulb after equilibration). Volume, 2-4 ml. 
Gas, air. Temp., 30°. Time, 1-5hr. Inseal, 0-2 ml. of 
2n-NaOH. 


O, uptake 
Substrate (umoles) 
None 10-5 
Mannitol, 200 pmoles 13-8 
Sorbitol, 200 pmoles 11-7 
Dulcitol, 180 wmoles 10-6 


Table 9. Reversible DPN-linked polyol dehydro- 
genase activity in extracts of C. utilis 


Each cuvette contained 1-0 ml. of C. utilis extract, 
300 pmoles of glycine buffer, pH 9-0, either 0-4mole of 
DPN or 0-01 pmole of DPNH and substrate as indicated. 


Volume, 3-0 ml. Temp., 20°. 
Change in 


Quantity optical density 
Substrate (umoles) (340 my.)/9 min. 
With DPN 
None — + 0-009 
Erythritol 200 +0-010 
Xylitol 150 +0-140 
Ribitol 300 +0-013 
p-Arabitol 150 +0-095 
L-Arabitol 300 +0-008 
Mannitol 300 + 0-172 
Sorbitol 300 + 0-150 
p-Iditol 10 +0-009 
L-Iditol 55 + 0-008 
Dulcitol 300 +0-013 
L-Rhamnitol 300 +0155 
Glycerol 300 + 0-008 
meso-Inositol 300 + 0-020 
With DPNH 
None — — 0-038 
p-Fructose 300 -0-101 
L-Sorbose 300 — 0-052 
p-Tagatose 300 — 0-038 





— a a 





Vol. 64 


reference mixture of fructose and sorbose in equal 
proportions. The relative intensities of the spots 
indicated that fructose was the main product of 
oxidation. The formation of fructose and sorbose 
from sorbitol in C. utilis extract at pH 7-8 contrasts 
with the formation of fructose alone by the 
‘alkaline’ enzyme of A. suboxydans under very 
similar conditions. 


DISCUSSION 


The first step in this study of the metabolism of 
polyhydric alcohols was the construction of a 
simple hypothesis to explain their occurrence in 
plants and their metabolism in animals and micro- 
organisms (Edson, 1953). The hypothesis assumed 
that a general reaction, polyol + DPN*=ketose+ 
DPNH + H’*, was catalysed by three types of stereo- 
specific polyol dehydrogenases (L-iditol, D-mannitol 
and galactitol dehydrogenases); and it was based 
largely on the properties of rat-liver polyol dehydro- 
genase (Blakley, 1951; McCorkindale & Edson, 
1954) and on the assumption that the behaviour of 
A. suboxydans in culture is due to the possession of 
D-mannitol dehydrogenase. Shaw (1954, 1956) has 
since demonstrated the existence of galactitol de- 
hydrogenase in micro-organisms. 

An examination of cell-free extracts from A. 
suboxydans has shown that the original hypothesis 
will not account for all the phenomena. The extracts 
contain at least two polyol dehydrogenase activities 
having different substrate specificities and pH 
optima, and apparently different cofactor require- 
ments. The enzyme with a pH optimum about 5-5 is 
found in subcellular particles which can be sedi- 
mented by high-speed centrifuging. The particles 
also contain the cytochrome pigment peculiar to the 
organism. The methods used have failed to extract 
a soluble polyol dehydrogenase from the particles 
and to establish a requirement for DPN or TPN. 
The substrate specificity (Table 4) can be described 
by the Bertrand—Hudson rule (e.g. mannitol is 
oxidized to fructose and sorbitol to-sorbose), and 
the enzyme is most active within the pH range that 
is optimum for the growth of the organism. It is 
proposed to call this enzyme the Bertrand—Hudson 
enzyme or cytochrome-linked D-mannitol . dehydro- 
genase without prejudice to the possible inter- 
mediate links. Reversibility of its action has not 
been investigated. Although the polyol dehydro- 
genase activity is well defined, the complexity of the 
‘acid’ enzyme preparation is revealed in its other 
enzymic properties (Table 5) such as the ability to 
oxidize glycerol (cf. King & Cheldelin, 1954), 
ethanol and three butanol isomers. 

The second polyol dehydrogenase (‘alkaline’ 
enzyme) is soluble, and has a pH optimum about 
7-8, a requirement for DPN and a different sub- 
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strate specificity (Table 7). Mannitol is oxidized to 
fructose according to the Bertrand—Hudson rule, 
whereas the oxidation of sorbitol to fructose 
follows the rule for L-iditol dehydrogenase; and the 
failure to oxidize dulcitol excludes an application of 
the rule for galactitol dehydrogenase (Shaw, 1956). 
There is no configuration common to all the sub- 
strates oxidized and absent from all those not 
oxidized. While it is possible that the ‘alkaline’ 
enzyme is a single polyol dehydrogenase, the sub- 
strate specificity of which cannot be described by a 
simple rule, it is also possible that the preparations 
contain more than one species of DPN-linked de- 
hydrogenase. A plausible but not entirely satis- 
factory explanation is the combination of a stable 
DPN-linked mannitol dehydrogenase with an 
enzyme of the L-iditol dehydrogenase type. 

The DPN-linked polyol dehydrogenase activity 
found in extracts of C. utilis (Table 9) resembles that 
of the ‘alkaline’ enzyme from A. suboxydans but is 
not identical. The important common features are 
the oxidation of mannitol to fructose, the vigorous 
attack on xylitol and the failure to oxidize dulcitol. 
Sorbitol oxidation reveals a difference, since the 
product formed by the C. utilis extract is a mixture 
of fructose and sorbose. This fact suggests that 
extracts of C. utilis contain more than one DPN- 
linked polyol dehydrogenase. 

The DPN-linked polyol dehydrogenases occurring 
in A. suboxydans and C. utilis differ from other 
members of this class (L-iditol dehydrogenase, 
galactitol dehydrogenase) in possessing the ability 
to attack mannitol vigorously. Mannitol dehydro- 
genase requiring DPN was discovered by Miiller 
(1937) in cell-free extracts of brewer’s yeast and 
distinguished from alcohol dehydrogenase. Regard- 
less of the number of DPN-linked polyol dehydro- 
genases which may be responsible for the observed 
oxidations {Tables 4, 7 and 9), it is proposed to call 
the soluble enzyme which attacks mannitol DPN- 
linked pv-mannitol dehydrogenase. This enzymic 
activity is widely distributed (McCorkindale, 1953; 
Edson, 1953; Shaw, 1956). 


SUMMARY 


1. Extracts of Acetobacter suboxydans contain a 
particulate dehydrogenase which catalyses the 
oxidation of polyols at pH 5 without addition of 
diphosphopyridine nucleotide (DPN). The substrate 
specificity corresponds to the Bertrand—Hudson 
rule. The enzyme is associated with particles 
containing cytochrome and is named cytochrome- 
linked p-mannitol dehydrogenase. 

2. Extracts of A. suboxydans also contain soluble 
DPN-linked polyol dehydrogenase activity best 
developed about pH 8. The activity can be dis- 
sociated from the particles containing cytochrome. 
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Although the substrate specificity does not conform 
to a simple rule, the enzyme oxidizes mannitol 
vigorously and is named DPN-linked p-mannitol 
dehydrogenase. Similar, but not identical activity 





occurs in extracts of C. utilis. 
3. The problem of multiplicity of DPN-linked 
polyol dehydrogenases is discussed briefly. 


We are much indebted to Dr N. K. Richtmyer, National 
Institutes of Health, Bethesda, U.S.A., and to Dr D. R. D. 
Shaw for generous gifts of rare polyols; and to the Virus 
Research Laboratory, Medical School, for the use of a 
Spinco Model L centrifuge. 
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Polyol Dehydrogenases 
3. GALACTITOL DEHYDROGENASE AND p-IDITOL DEHYDROGENASE 


By D. R. D. SHAW 
Department of Biochemistry, Medical School, University of Otago, New Zealand 


(Received 22 February 1956) 


Although dulcitol occurs in many plants and is used 
as a substrate in fermentations which help to 
distinguish members of the family Enterobacteri- 
aceae, very little is known about its metabolism. 
It appears that dulcitol is not metabolized by 
mammals (Embden & Griesbach, 1914; Carr & 
Krantz, 1934; Edson, 1936; Smith, Finkelstein & 
Smith, 1940; Todd, 1954). On the other hand, most 
species of Salmonella can ferment dulcitol but the 
initial rate is slow in certain strains, suggesting that 
enzymic may precede dissimilation 
(Teague & Morishimu, 1920; Kristensen, 1943). 
Apart from reports of ‘acid’ and ‘gas’ formation 
there seems to be no description of dulcitol cata- 
bolism in the Enterobacteriaceae. 


induction 


Hermann & Neuschul (1931) have reported that 
Acetobacter gluconicum converts dulcitol into a sub- 
stance that reduces Fehling’s solution but gives 
a negative Seliwanoff reaction. Without further 
evidence they considered the substance to be 
galactose. Some strains of staphylococci ‘dehydro- 
genate’ dulcitol as well as other polyols (Omer, 
1940), and the yeast Hansenula anomala takes up 
oxygen in the presence of dulcitol and other poly- 
hydric alcohols (Usami, 1942). In the acetone-— 
butanol fermentation of Clostridium acetobutylicum 
dulcitol gives a higher ratio of butyric acid to acetic 
acid than glucose (Simon, 1947). Shockley & Randles 
(1954) found that non-proliferating cell suspensions 
of Lactobacillus sp. form acid from dulcitol when the 
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cells have been grown in the presence of dulcitol or 
sorbitol, and suggested that tagatose was an inter- 
mediate. 

Although the primary product of dulcitol cata- 
bolism was not identified by these authors, the 
observations indicate that a dehydrogenase mech- 
anism analogous to the known polyol dehydro- 
genases may convert dulcitol into tagatose. Since 
the polyol dehydrogenases of mammalian liver and 
Acetobacter suboxydans do not attack dulcitol, it is 
likely that the catabolism of dulcitol will depend on 
a galactitol dehydrogenase specific for configuration 
(I) or (IL), and that the enzyme will be found in 
plants and micro-organisms (Edson, 1953). 


CH,.OH CH,.OH 
| 
H—C*—OH HO—C*—H 
| | 
HO—C—H H—C—OH 
| | 
(I) (Lf) 


* Site of oxidation. 


After an unsuccessful attempt to extract a stable 
enzyme dulcitol-fermenting strain of 
Escherichia coli, a satisfactory preparation of 
galactitol dehydrogenase was eventually made from 
an airborne organism isolated in the laboratory. 


from a 


MATERIALS AND METHODS 


Organism. The micro-organism used in this study was 
isolated by elective culture. The medium (25 ml.) contained 
0-2 % of dulcitol, 0-25 % of KH,PO,, 0-01 % of MgSO, ,7H,0, 
0-01 % of anhydrous CaCl, and 0-1 % of (NH,).SO,, and the 
pH was adjusted to 7-0 with NaOH. It was exposed to the 
air of the laboratory for 24 hr. in a wide-necked flask, which 
was then plugged with cotton wool and incubated at 30° for 
48 hr. The primary culture was plated out on the above 
medium, to which 0-01 % of Difco yeast extract and 2% of 
agar had been added. Single colonies were picked off and 
subcultured four times. The colonies appeared to be homo- 
geneous when specimens were stained by Gram’s method 
and examined microscopically. 

One organism of the three strains isolated in pure culture 
was selected for further study. It grew in the synthetic 
medium described above, and utilized dulcitol as the sole 
carbon source. The following characteristics were noted: 
Gram-negative rods occurring singly or in chains, no spores 
apparent, old cultures cocco-bacillary; motile in nutrient 
broth. On the synthetic medium small white colonies 
appeared slowly, but colonies on nutrient agar grew rapidly, 
were cream coloured and into the medium a 
pigment with a strong green fluorescence. Growth did not 
occur at 38° but took place readily at 30°. Neither acid nor 
gas was formed during growth in 1% peptone-0-5% NaCl 
medium supplemented by 0-5 % of glucose, sucrose, lactose, 
maltose, xylose, sorbitol, mannitol or dulcitol. In beef- 
infusion broth (pH 7-4) or in peptone water, growth occurred 
mainly at the surface. Gelatine-stab cultures showed no 
Phenazine pigment was not detected in 


released 


liquefaction. 


chloroform extracts of alkaline suspensions of the bacteria 
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(Tobie, 1945). The organism was tentatively classified as a 
fluorescent species of Pseudomonas. 

Washed suspensions of the bacterial cells. Cultures of the 
organism were maintained on nutrient-agar slopes and 
transferred to nutrient broth for 16 hr. before use as an 
inoculum. For experimental purposes the bacteria were 
grown for 24 hr. at 30° on nutrient agar which was supple- 
mented with 1% (w/v) of carbohydrate where indicated in 
the text. The cells were harvested by washing from the agar 
with 0-9 % (w/v) NaCl solution followed by centrifuging and 
further washing (three times) with the same solution. The 
yield of cells was usually 1-5 g. wet wt./70 ml. of medium 
contained in a Roux bottle. 

Cell-free extracts. These were prepared in a Raytheon 
sonic oscillator from 50% (w/v) bacterial suspensions in 
0-02m potassium phosphate buffer, pH 7-4. The cup 
assembly was set up in a cold room at 2-3° and the cup 
cooled by circulation of ice water at 0-1°. The suspensions 
were subjected to sonic treatment for 45 min., clarified by 
centrifuging (20000 g) in a refrigerated centrifuge at —3 
and dialysed against distilled water at 2-3°. 

Acyclic polyols. t-Rhamnitol (m.p. 122—123°) was pre- 
pared by the catalytic reduction of L-rhamnose by the 
method of Gatzi & Reichstein (1938). t-Iditol (m.p. 73-5°) 
was prepared by hydrolysis (Hann & Hudson, 1945) of the 
hexaacetate which was prepared from L-sorbose by the 
method of Meyer & Reichstein (1946). D-Jditol (m.p. 
73-74°) was prepared by sodium amalgam reduction 
(Glatthaar & Reichstein, 1938) of p-idonolactone followed 
by catalytic reduction of the p-idose. p-I[donolactone was 
prepared by cyanhydrin synthesis from p-xylose (Hudson, 
Hartley & Purves, 1934) and separated from the crystalline 
epimeric D-gulonolactone. .-Talitol (syrup) was obtained 
by acid hydrolysis (Lobry de Bruyn & Alberda van Eken- 
stein, 1899) of tribenzylidene-t-talitol (m.p. 204-206°; 
[x]}§ = + 40-8°, c, 1-25, CHCI,). The benzylidene derivative 
was prepared from the catalytic reduction product of 
L-talose. L-Talose (not isolated) was prepared by the method 
of Glatthaar & Reichstein (1938) from L-galactonie acid, 
which in turn was prepared by catalytic reduction of p- 
galacturonic acid (Pizzarello & Freudenberg, 1939). 

Sugars. v-Tagatose (m.p. 130°; [a]}? = — 2-9°, c, 5, water) 
was prepared by the method of Reichstein & Bosshard 
(1934) except that the epimeric aldoses were removed by 
bromine oxidation, followed by removal of ions with 
Amberlite IR 4-B and IR 120. t-Rhamnose hydrate and 
p-galacturonic acid were products of the Eastman Kodak 
Co., Rochester, U.S.A. The sources of the other polyols and 
sugars used in this work are given in Part 1 (McCorkindale & 
Edson, 1954). 

Diphosphopyridine nucleotide (DPN). This compound 
and also triphosphopyridine nucleotide (TPN), and reduced 
diphosphopyridine nucleotide (DPNH) were the chromato- 
graphically purified products of the Sigma Chemical Co., 
St Louis, U.S.A. 


Analytical methods 


Oxygen consumption was measured by the conventional 
Warburg technique. Carbon dioxide was absorbed by 
0-2 ml. of 10% (w/v) KOH contained in the inseal. 

Reduction and reoxidation of DPN were followed by 
measuring optical densities at 340 my. in a Uvispek spectro- 
photometer. Polyol-dehydrogenase activity was deter- 
mined by measuring the initial rate of reduction of DPN by 
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polyols in the presence of buffered enzyme solutions. 
Optical density (340 my.) readings were taken at intervals 
of 15 sec. in the case of rapid reactions or at longer intervals 
for slow reactions. It was found (see Fig. 6) that the rate of 
reduction was linear until about one-third of the DPN was 
reduced. 

Protein. This was estimated turbidimetrically by the 
method of Stadtman, Novelli & Lipmann (1951). 

Identification of polyol oxidation products. The reaction 
mixtures were deproteinized with Ba(OH), and ZnSO, 
(Somogyi, 1945) or with 0-1 vol. of 7% metaphosphoric acid, 
and residual dye was removed by addition of Merck’s 
activated charcoal. Reducing sugar and ketose in the 
protein-free decolorized filtrates were detected by methods 
described earlier (McCorkindale & Edson, 1954). Sugars 
were identified by paper chromatography and by conversion 
into phenylosazones (Edson, 1940). 

Chromatography. Three solvents were employed for 
descending paper chromatography of sugars on Whatman 
no. 1 paper. Water-saturated phenol, containing 0-04% of 
8-hydroxyquinoline (Block, 1950) was used at 23-27° and 
gave satisfactory separations of ketohexoses and keto- 
pentoses (Ry values in brackets): L-sorbose (0-41), D- 
allulose (0-44), D-tagatose (0-46), p-fructose (0-52), D- 
xylulose (0-59) and L-ribulose (0-64). Butanol—pyridine— 
water (6:4:3, by vol.) (Kenner & Richards, 1954) and ethyl 
acetate—pyridine-water (2:1:2, by vol.) (Isherwood & 
Jermyn, 1951) were used at 15-20°. 

Ketoses were detected by an orcinol reagent (Klevstrand 
& Nordail, 1950). Reducing sugars were detected by a silver 
nitrate reagent [1% of AgNO, (w/v) in 5N-NH, soln.] which 
does not detect polyols under the conditions used (cf. 
Hough, 1950). After spraying, the papers were heated for 
5-10 min. at 95°. 


RESULTS 


Oxidation of polyols by cell suspensions 
of the organism isolated 


The initial rate of oxygen uptake by non-prolifer- 
ating cell suspensions in the presence of polyols 
depends on the conditions under which the organism 
was grown. Dulcitol is oxidized without a pre- 
liminary period of induction by cells which were 
cultivated on a medium containing dulcitol or 
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Fig. 1. Oxidation of polyols by cells grown on unsupple- 


mented nutrient agar. Warburg flasks contained 50 mg. 
(wet wt.) of washed cells, 50 nmoles of potassium phos- 
phate buffer, pH 7-4, and 50 umoles of substrate (added 
from side bulb after equilibration). Volume, 1-4 ml. Gas, 
air. Temp. 30°. @, No substrate; [, xylitol; 7, mannitol; 
O, sorbitol; A, dulcitol. 
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sorbitol (Figs. 2, 3). The latent period before 
oxidation begins in cells grown on an unsupple- 
mented medium (Fig. 1), or on a medium containing 
glucose or mannitol, is 1-2 hr. This induction period 
is interpreted as the time required for the production 
of an enzyme oxidizing dulcitol. 
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Fig. 2. Oxidation of polyols by cells grown on nutrient agar 
supplemented by 1 % of sorbitol. Conditions are the same 
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Fig. 3. Oxidation of polyols by cells grown on nutrient 
agar supplemented by 1 % of dulcitol. Conditions are the 
same as in Fig. 1. 
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Fig. 4. Oxidation of polyols by cells grown on nutrient agar 
supplemented by 1% of mannitol. Conditions are the 
same as in Fig. 1. 
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Fig. 3 shows that cells adapted to dulcitol during 
growth are also adapted to sorbitol but not to 
mannitol, whereas cells adapted to sorbitol during 
cultivation can oxidize sorbitol, mannitol and 
dulcitol without further induction (Fig. 2). Cells 
grown in the presence of mannitol (Fig. 4) oxidize 
mannitol and sorbitol, but not dulcitol, without 
subsequent induction. It will be seen that sorbitol 
is oxidized at a slow rate by cells grown on the un- 
supplemented medium (Fig. 1). 

Cells grown in the presence of glucose showed 
subsequently the same adaptive pattern as those 
cultivated in the unsupplemented medium, but the 
endogenous respiration and the rates of polyol 
oxidation were greater. Xylitol is oxidized at a slow 
constant rate by cells grown under all conditions 
(Figs. 1-4). 

In each case the polyol used to supplement the 
medium is oxidized at a faster rate than the other 
substrates. Since the excess oxygen uptake due to 
the addition of hexitols (50 pmoles) is greater than 
the theoretical amount (25ymoles) required for 
conversion of polyol into ketose, the sugar is 
probably catabolized further. 


Oxidation of polyols in cell-free 
extracts of the organism 


Dialysed extracts (40hr.) of cells grown on 
sorbitol oxidized sorbitol, mannitol and dulcitol 
under anaerobic conditions with methylene blue as 
hydrogen acceptor (Table 1); but the ability to 
oxidize mannitol disappeared almost completely on 
further dialysis or on storage at 0—2° for 24 hr. The 
same phenomenon occurred in extracts of cells 
grown on dulcitol. 

The oxidations of mannitol and dulcitol are 
presumably due to two different enzymes. The 
lability of the mannitol activity was a fortunate 
coincidence, since it became possible to study the 
properties of the enzyme responsible for dulcitol 
oxidation by using extracts which had been dialysed 
for 48-60 hr. These extracts did not take up oxygen 
in the presence of mannitol. 

The differences in the enzyme-inducing properties 
of dulcitol and sorbitol which were shown by whole 
cells (Fig. 1-4) are reflected in the properties of the 
extracts. Extracts from cells grown on sorbitol 
oxidized sorbitol more rapidly than dulcitol, and 
the reverse was true of extracts from cells grown on 
dulcitol. Table 2 shows that extracts from cells 
grown on sorbitol do not exhibit appreciable 
oxygen uptake with xylitol, whereas extracts from 
cells grown on dulcitol oxidize xylitol as rapidly as 
sorbitol. Cells harvested from all the media used 


oxidize xylitol at a slow rate which does not change 
in 4 hr. Although the vigorous oxidation of xylitol 
by extracts from cells grown on dulcitol was un- 
expected, it is possible that the bacterial cell 
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membranes may show selective permeability 
towards polyols. 

Coenzyme requirements. In the absence of added 
DPN methylene blue is not reduced anaerobically 
and there is no oxygen uptake in manometric 
experiments. TPN cannot be substituted for DPN. 
Spectrophotometric observations confirmed the 
specificity for DPN. 

pH optimum. The optimum pH for oxygen con- 
sumption is about 10 in the presence of sorbitol and 
dulcitol (Fig. 5). Although curves were not deter- 
mined in other cases it was found that D-gulitol, 
D-talitol, 6-deoxy-L-gulitol and xylitol are oxidized 
about twice as rapidly at pH 10 (glycine buffer) as at 
pH 8 (phosphate buffer). 

Cytochromes. Examination of thick bacterial cell 
suspensions with a direct-vision spectroscope 
showed the presence of two cytochrome-like 
absorption bands: an intense band centred at 
555 mp. but extending from 550 to 562 my., and a 
diffuse band at 525 my. On dilution of the suspen- 
sion the broad band centred at 555 my. was 
resolved into a strong band at 553 my. and a very 
weak band at 560 my. Cell-free extracts were 
reddish brown in colour and the same absorption 


Table 1. Oxidation of hexitols by extracts from 
cells grown on sorbitol 


fvacuated Thunberg tubes contained: 0-25 ml. of 
extract from cells grown on sorbitol, 20umoles of potas- 
sium phosphate buffer, pH 7-8, 20umoles of substrate, 
10-1pmole of DPN and 2-8x10-'ymole of methylene 
blue. Volume, 1-25 ml. Temp., 30°. 


Reduction time (min.) 
La eee 


Extract Extract 

dialysed dialysed 

Substrate for 40 hr. for 64 hr. 
Nil 24 69 
Mannitol 1-5 54 
Sorbitol 0-5 2 
Dulcitol 1-5 4 





Table 2. Oxidation of xylitol by 
cell-free extracts 


Each Warburg flask contained: 1-0 ml. of bacterial 
extract, 20 moles of potassium phosphate buffer, pH 7-8, 
4x10 pmole of DPN and 80umoles of substrate (added 
from side arm after equilibration). Volume, 1-6 ml. Gas, 
air. Temp., 25°. Time, 30 min. 


O, uptake (moles) 





¥ 
Extract from Sorbitol-grown Dulcitol-grown 


cells cells 

Substrate 
Nil 0-27 1-29 
Sorbitol 7-73 3-94 
Dulcitol 5-85 5:45 
Xylitol 0-31 4-02 
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bands appeared on the addition of a trace of 
Na,$,0,, or of dulcitol or sorbitol together with 
DPN. The bands disappeared when oxygen was 
bubbled through the solution of reduced pigment. 
A difference spectrum, obtained in a manner similar 
to that described by Smith (1955), showed ab- 
sorption maxima at 423, 524 and 553 my. The 
pigment closely resembles that observed in extracts 
of Pseudomonas fluorescens and identified as cyto- 
chromes b and ¢ by Stanier, Gunsalus & Gunsalus 
(1953). 

Presence of natural hydrogen carrier. Extracts 
took up oxygen at pH 8 in the presence of substrate 
and DPN without the addition of an accessory 
hydrogen carrier (methylene blue). The presence of 
cytochrome pigment suggested that a cytochrome 
oxidase or an autoxidizable cytochrome might have 
mediated the oxygen uptake. Table 3 shows that the 


12 


10 


Dulcitol 


Sorbitol 


O, uptake (umoles/30 min.) 


5 6 7 8 9 10 11 
pH 


Fig. 5. Optimum pH for oxidation of sorbitol and dulcitol 
by extracts of cells grown on dulcitol-nuirient agar. 
Warburg flasks contained 0-5 ml. of bacterial extract, 
40 pmoles of substrate, 2 x 10-1 zmole of DPN, 1-0 umole 
of methylene biueand 30 umoles of buffer. Volume, 1-0 ml. 
Gas, air. Temp. 25°. Buffers: O, potassium phosphate; 

@. glycine. 


Table 3. 

Each Warburg flask contained: 0-5 ml. of extract from 
cells grown on dulcitol, 30umoles of buffer, 40 umoles of 
dulcitol (added from side arm after equilibration), 
2x10 pmole of DPN, and 1-0umole of methylene blue 
where indicated. Volume, 1-0 ml. Gas, air. Temp., 25°. 
Time, 30 min. There was no oxygen consumption in the 


Effect of methylene blue on oxygen uptake 


absence of dulcitol. 


Methylene O, uptake 


Buffer blue (pmoles) 
Potassium phosphate, pH 8-0 Absent 2-50 
Present 3°26 
Glycine, pH 10-0 Absent 0-22 
23 


Present 7: 
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natural hydrogen carrier was inhibited at pH 10, 
since there was little oxygen uptake at this pH in 
the absence of methylene blue. Although it was not 
necessary to add methylene blue to promote oxygen 
consumption at pH 8, the rate of consumption was 
stimulated by the dye. 

Spectrophotometric observations showed that 
DPNH was oxidized in the presence of extract 
buffered at pH 8. The oxidation of DPNH was 
inhibited by cyanide (2 x 10-*M) or by raising the 
pH to 10. The reduction of the coenzyme by dulcitol 
at pH 10 was so much more rapid (about 300 times) 
than its re-oxidation that spectrophotometric 
measurements of dehydrogenase activity could be 
made at pH 10 with negligible interference by the 
hydrogen carrier. 


Substrate specificity of extracts from 
cells grown on sorbitol 

The dehydrogenase activity was separated from 
the natural hydrogen carrier in order to obtain a 
preparation free from DPNH oxidase. 

The extract was dialysed free from endogenous 
substrate and showed no oxygen uptake in the 
presence of mannitol. A sample (30 ml.) was cooled 
to 0° and brought to 0-3 saturation by addition of 
solid ammonium sulphate. The quantity of am- 
monium sulphate required to give a desired satura- 
tion was calculated from a nomogram (Dixon, 1953). 
The mixture was stirred for 15 min. and centrifuged 
to give a brown precipitate containing cytochrome 
(fraction O) and a pale-yellow supernatant (fraction 
P, 26ml.). Fraction O was suspended in water 
(12 ml.) and an equal volume of 0-6 saturated 
ammonium sulphate solution was added. The 
mixture was centrifuged to give a red-brown pre- 
cipitate (fraction Q) and a pale-yellow supernatant 
(fraction R, 23ml.). Fractions P and R were 
combined and brought to 0-5 saturation by the 
addition of solid ammonium sulphate. The resulting 
precipitate (fraction S) was dissolved in water 
(10 ml.) and dialysed against water for 3 days at 
0-2°. This fraction contained 80% of the original 
activity towards dulcitol and 30% of the protein. 
A protocol of the fractionation is shown in Table 4. 
The supernatant from 0-5 saturation with am- 
monium sulphate was discarded (fraction 7’), as was 
fraction Q. The fine particles containing cytochrome 
pigment were aggregated at 0-3 saturation. Pre- 
cipitation of these particles may cause co-precipita- 
tion of the dehydrogenase, but this can be recovered 
by extraction with 0-3 saturated ammonium 
sulphate solution. 

While cell-free extracts took up oxygen in the 
presence of substrate and DPN at pH 8 (Table 3), 
fraction S was free from hydrogen carrier, since 
oxygen was not consumed in the presence of dulcitol 
and DPN at pH 8 unless methylene blue was added. 
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Table 4. Fractionation of extracts from 
cells grown on sorbitol 


Cuvettes initially contained in a volume of 2-0 ml.: 
0-05-0-2 ml. of enzyme solution, 40umoles of glycine 
buffer, pH 10-0, 10umoles of dulcitol and 2 x 10 pmole 
of DPN. Controls contained no substrate. Temp., 18°. 
Fraction Q was suspended in water (10 ml.) before testing. 
The initial rate of reduction of DPN was measured. The 
unit of enzymic activity is the amount of enzyme which 
will bring about an increase of 1-000 in optical density 
(340 my.)/min. 


Protein Enzyme 

(mg.) (units) 

Original extract 335 23-60 
Fraction 

O 189 9-00 

P 156 13-26 

Q 134 0-73 

R 46 7-50 

S 101 18-80 

r 89 0-92 


Fraction S was tested for substrate specificity 
with all available polyols. The activity was very 
stable at low temperature. After storage for 
6 months in a frozen state at — 20° a sample of this 
preparation lost less than 5 % of its original activity 
towards sorbitol and dulcitol. 

Fig. 6 shows the relative rates of oxidation of 
certain polyols (5 x 10-*m). Of the hexitols sorbitol 
is attacked most rapidly, dulcitol and L-iditol being 
next in sequence; D-iditol is oxidized very slowly 
and pD-mannitol, p-gulitol and p-talitol are not 
attacked. In a subsequent experiment L-talitol was 
oxidized very slowly (3% of the rate of sorbitol, 
5x10-?m). u-Arabitol and xylitol are oxidized 
slowly, the latter at 1% of the rate of sorbitol; 
ribitol and p-arabitol are not oxidized. L-gulo-p- 
talo-Heptitol (f-sedoheptitol) and L-gulo-p-gala- 
heptitol are oxidized faster than the pentitols but 
slower than L-iditol; D-manno-pb-gala-heptitol (per- 
seitol) is oxidized very slowly (increase of optical 
density 0-001/min.) and is not shown in the figure. 
Of the deoxypolyols tested L-rhamuiitol is not 
attacked but 6-deoxy-L-gulitol is oxidized rapidly. 

Identification of the products of reaction. The 
enzyme solution (2—10 ml. of fraction S) containing 
polyol (0-lm), glycine—NaCl buffer, pH 9-8 
(2x 10-2m), DPN (2 x 10-4m) and methylene blue 
(10-*m) was shaken in air for 4hr. at 25°. After 
deproteinization and removal of dye the oxidation 
products were identified as follows. 

Sorbitol was oxidized to a product which reduced 
Fehling’s solution and gave a red _ resorcinol 


reaction. Chromatography (phenol—water) gave 


a single ketose spot which did not separate from 
authentic fructose but separated from sorbose and 
tagatose. The product was D-fructose. 
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Dulcitol formed a reducing substance which gave 
ared resorcinol test. The phenylosazone crystallized 
from pyridine—water in large yellow blades, m.p. 
(recryst.) 199-200° (decomp.), [«]}? = + 81° in pyri- 
dine—absolute ethanol (2:3, v/v), c, 0-25 (ef. Levene 
& La Forge, 1915). The osazone was identified as 
pD-galactosazone. Chromatography of the sugar 
(phenol—water) gave a single spot which did not 
separate from authentic tagatose. The sugar was 
D-tagatose. 

L-Iditol formed a product which reduced Fehling’s 
solution and gave a red resorcinol reaction. Chro- 
matography (phenol—water) showed a single spot 
which did not separate from authentic sorbose. The 
product was L-sorbose. 

L-Arabitol was oxidized to a reducing substance 
which gave a green resorcinol reaction. Chromato- 
graphy with ethyl acetate—pyridine—water as well 
as with phenol—water gave a single spot which 
separated from authentic D-xylulose. With the 
latter solvent the R, value of the sugar was 0-64 
and the R, value of D-xylulose was 0-59. Futterman 
& Roe (1955) give R, values of 0-63 and 0-58 for 
ribulose and xylulose, respectively. On these 
grounds the product is identified as L-ribulose. 

Xylitol formed a reducing substance which gave 
a green resorcinol test. Chromatography with the 
above two solvents showed that the sugar formed 
a single spot which travelled at the same rate as 
authentic xylulose. The product is_ therefore 
xylulose but the rotation was not determined. 

Effect of DPN concentration on the rate of sorbitol 
oxidation. This was determined over the range 
1-100 x 10-°m. The concentration found to give 
half the maximum velocity was 7-3 x 10->m. The 
concentration of DPN selected as optimum was 
2x 10-4. 

Effect of substrate concentration. Values of K,, 
were determined spectrophotometrically for sor- 
bitol, dulcitol, L-iditol, L-arabitol and xylitol in 
order to obtain some indication of the enzyme— 
substrate affinities. The K,, values for sorbitol and 
dulcitol are much lower than those for L-iditol, L- 
arabitol and xylitol (Table 5), and tend to follow an 
order which is the reverse of that giving the relative 
rates of oxidation of the substrates at 5x 10-°m 
concentration (see Fig. 6). 

Observation of the relative rates of oxidation of 
these substrates (Table 5) was repeated at a higher 
substrate concentration (1 x 10-1m). The oxidation 
rate for dulcitol is not changed relative to that for 
sorbitol but the relative rates for the other three 
polyols are increased; L-iditol is attacked more 
rapidly than dulcitol at the higher concentration. 

Reversibility of polyol oxidation. Fig. 7 shows that 
D-fructose and D-tagatose oxidized DPNH rapidly 
in the presence of the enzyme but L-sorbose reacted 


very slowly. The slow reduction of L-sorbose 
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was unexpected since L-iditol is oxidized more 
rapidly than dulcitol under similar conditions (cf. 
Table 5). 


Substrate specificity of extracts from 
cells grown on dulcitol 


The ability of extracts from cells grown on dulcitol 
to oxidize polyols was tested with unfractionated 
material. Table 6 shows that the rate of oxygen 
uptake with p-gulitol, 6-deoxy--gulitol, D-talitol, 
dulcitol, xylitol and sorbitol exceeded 1 pmole/ 
30 min. at pH 8. The reaction flasks were shaken for 
4hr. After deproteinization and removal of dye 
dilute solutions of the reaction product from each of 


Table 5. Relative oxidation rates of substrates in 
fraction S of the extract from cells grown on sorbitol 


Cuvettes contained in a volume of 2-0 ml.: 40umoles of 
glycine-NaCl buffer, pH 9-8, 4x10-pmole of DPN, 
200 umoles of substrate and 0-1 ml. of enzyme (threefold 
dilution of fraction S). Temp., 18°. The blank cuvette 
contained water in place of substrate solution. 

Relative 


Increase in rates 
optical density referred to 


(at 340 my.) sorbitol 
Substrate (x 108/15 sec.) as 100 K,, values 
Sorbitol 56-0 100 6-22 x 10-°m 
Dulcitol 22-8 41 3-92 x 10-3 
L-Iditol 25-1 45 6-89 x 10-2? u 
L-Arabitol 9-2 16 8-66 x 10-?M 
Xylitol 3-5 6 1-41 x 101m 
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Fig. 6. Rates of reduction of DPN in the presence of 
polyols by an enzyme preparation (fraction S) from cells 
grown on sorbitol-nutrient agar. Cuvettes contained 
0-2 ml. of enzyme solution, 40 zmoles of glycine buffer, 
pH 10-0, 2 x 10-4 ymole of DPN and 10umoles of sub- 
strate. Temp. 18°. The blank cuvette contained the same 
mixture without substrate. 


D. R. D. SHAW 





1956 


these polyols reduced Fehling’s solution and gave 
a positive resorcinol test. The same tests were 
positive in concentrated solutions of the reaction 
products from all other flasks, except those which 
originally contained no substrate, erythritol, 
allitol, D-mannitol or volemitol. 


No substrate 
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Time (min.) 
Fig. 7. Reversibility of polyol oxidation. The reaction 


mixture (2-0 ml.) contained initially 0-1 ml. of enzyme 
solution (threefold dilution of fraction S), 40 moles of 
glycine-NaCl buffer, pH 9-8, 2-7 x 10-1 umole of DPNH 
and 200 pmoles of ketose. Temp. 20°. 


Table 6. Substrate specificity of extracts 
from cells grown on dulcitol 


Each Warburg flask contained: 0-5 ml. of extract from 
cells grown on dulcitol, 20 umoles of potassium phosphate 
buffer, pH 8-0, or glycine buffer, pH 10-0, 20umoles of 
substrate (added from the side arm after equilibration), 
2x10-!ymoles of DPN and 1-Oumole of methylene blue. 
Volume, 0-85ml. Gas, air. Temp., 25°. Time, 30 min. 
Experiments at pH 10 were performed with a different 
extract. 

O, uptake 











(umoles) 
cn an — 

Substrate pH 8-0 pH 10-0 
Nil 0-14 0-09 
Erythritol 0-18 — 
p-Arabitol 0-41 1-87 
L-Arabitol 0-27 0-41 
Ribitol 0-31 — 
Xylitol 1-52 — 
Allitol 0-18 — 
p-Mannitol 0-00 — 
L-Gulitol (sorbitol) 1-29 
p-Gulitol 3-35 1-34 
p-Talitol 3-04 1-12 
Galactitol (dulcitol) 2-19 5-13 
6-Deoxy-L-gulitol 5-13 — 
D-manno-D-talo-Heptitol (volemitol) 0-18 — 
p-manno-p-gala-Heptitol (perseitol) 0-54 0-36 
L-gulo-p-gala- Heptitol 0-36 2-32 


L-gulo-p-talo-Heptitol (8-sedoheptitol) 0-31 1-07 


jo 


— —- oO j@gm—o 
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Some polyols which were oxidized slowly at pH 8 
were tested at pH 10, which may provide optimum 
conditions for measuring oxygen consumption. 
Table 6 shows the larger oxygen consumption at 
pH 10 of certain pentitols and heptitols in com- 
parison with that of dulcitol, p-gulitol and p- 
talitol. 

Identification of the products of reaction. Dulcitol 
gave a product which reduced Fehling’s solution and 
gave a red resorcinol reaction. The phenylosazone 
crystallized from pyridine—water, m.p. (recryst.) 
200-201° (decomp.), [«]i8=+79° in pyridine— 
absolute ethanol (2:3, v/v), c, 0:25. When mixed 
with authentic D-galactosazone the osazone isolated 
gave m.p. 199-200°. On chromatographic analysis 
with phenol—water and with ethyl acetate—pyri- 
dine—water the sugar formed a single spot which did 
not separate from authentic tagatose but separated 
from fructose and sorbose. The product was D- 
tagatose. 

Sorbitol formed a reducing sugar which gave a red 
resorcinol reaction. The phenylosazone crystallized 
from 30% ethanol (v/v) in sheaves of needles 
typical of phenylglucosazone, m.p. 208-—209°, 
{x]i;= —60° in pyridine-absolute ethanol (2:3, 
v/v), c, 0-25. Chromatography (phenol—water) gave 
a single spot which did not separate from authentic 
fructose but separated from sorbose. The sugar was 
completely fermented by baker’s yeast. The product 
was D-fructose. 

Xylitol was oxidized to a reducing sugar which 
gave a green resorcinol reaction. The phenylosazone 
crystallized from aqueous ethanol in long needles, 
m.p. (recryst.) 161-162° (decomp.), [«]}8= +10° 
(initial) and + 42° (after 25 hr.) in pyridine—absolute 
ethanol (2:3, v/v), c, 1-0. Levene & La Forge (1915) 
give m.p. 164°, [«]}??=—10° (initial) and —43° 
(after 24hr.) for p-xylose phenylosazone. The 
product from xylitol was L-xylulose. 

D-Gulitol (4 mg.) gave rise to a product which 
reduced Fehling’s solution and gave a red resorcinol 
reaction. The phenylosazone crystallized from 30% 
aqueous ethanol (v/v) in sheaves of needles charac- 
teristic of glucosazone, m.p. 200—-203° (decomp.). 
Chromatographic analysis of the product gave a 
single spot which did not separate from authentic 
fructose but separated from sorbose. The sugar was 
not fermented by baker’s yeast. The product was 
L-fructose. 

D-Talitol (4 mg.) formed a reducing sugar which 
gave a red resorcinol reaction. The phenylosazone, 
unlike galactosazone, recrystallized well from 
30 % aqueous ethanol (v/v) and poorly from aqueous 
pyridine to give small matted needles, m.p. 
(recryst.) 180-182° (decomp.). Levene & Jacob 
(1910) reported the melting point of D-allosazone as 
183-185° (decomp.). The quantity of osazone was 
insufficient for the measurement of optical rotation. 
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Since D-talitol could give rise either to D-tagatose or 
to D-allulose the ability of the product to separate 
from authentic tagatose was tested on a paper 
chromatogram. A definite but incomplete separa- 
tion of the spots was achieved in three different 
solvents (phenol—water, ethyl acetate—pyridine— 
water and butanol—pyridine—water). The product of 
D-talitol oxidation was therefore D-allulose. 
6-Deoxy-L-gulitol gave a product which readily 
reduced Fehling’s solution. It gave a pale orange- 
yellow resorcinol reaction which was similar to that 
given by 6-deoxy-L-sorbose (personal communica- 
tion from Mr R. G. Kulka), but the behaviour of the 
product differed from that of 6-deoxy-sorbose in an 
attempted preparation of a phenylosazone; the 
reaction mixture became pale yellow in colour and 
deposited only a small quantity of yellow crystalline 
material. The product was not investigated further. 

Evidence for the presence of more than one polyol de- 
hydrogenase in extracts from cells grown on dulcitol. The 
oxidation (Table 6) of the enantiomorphs, sorbitol 
(u-gulitol) and p-gulitol, to D- and L-fructose respec- 
tively, indicates that extracts from cells grown on 
dulcitol contain two polyol dehydrogenases. 

One enzyme appears to be specific for the L-threo 
configuration (I) and the other for the D-threo 
configuration (II) (see page 395). The enzyme with 
specificity I could account for the oxidation of 
dulcitol to pD-tagatose and sorbitol to p-fructose; 
whereas the enzyme with specificity II could 
account for the oxidation of p-iditol to D-sorbose 
(see Table 8), p-gulitol to L-fructose, D-talitol to D- 
allulose, xylitol to L-xylulose and, possibly, dulcitol 
to L-tagatose. 

Undialysed extracts from cells grown in the 
presence of dulcitol were fractionated with 
ammonium sulphate to separate the polyol dehydro- 
genase activity from the natural hydrogen carrier. 
The procedure was essentially the same as that 
described for the fractionation of extracts from cells 
grown on sorbitol except that the polyol dehydro- 
genase activity was precipitated between 0-3 and 
0-7 saturation with ammonium sulphate, and after 
solution and dialysis, the enzyme was stored at 
— 20° in the frozen state (fraction D). 

Fraction D was refractionated with ammonium 
sulphate, a partial separation of the xylitol and 
sorbitol activities being achieved. Table 7 shows 
that a fraction which precipitated at 0-3 saturation 
with ammonium sulphate contained a higher ratio 
of xylitol to sorbitol activity than the original 
material, but the total xylitol activity remaining in 
the various fractions was only 41 % of the original 
activity, and the recovered sorbitol activity was 
70%. Other methods for protein separation were 
tested but the destruction of the xylitol-oxidizing 
component was so rapid that none was found 
satisfactory for purification. 

Bioch. 1956, 64 
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A freshly thawed sample (18 ml.) of fraction D (see text) made from an extract of cells grown on dulcitol was brought to 
0-3 saturation by the addition of solid ammonium sulphate. The precipitate (fraction 2) was removed by centrifuging and 
dissolved in water (5 ml.). The supernatant (17-5 ml., fraction F) was brought to 0-45 saturation by the addition of solid 
ammonium sulphate and the precipitate (fraction G) was separated as before from the supernatant (fraction H) and dis. 
solved in water (10 ml.). The activities of the various fractions towards xylitol and sorbitol were assayed under the condi- 
tions described in Table 8. The unit of enzyme activity is the amount of enzyme which will bring about an increase of 


1-000 in optical density (340 my.)/min. 


Enzymic activity 


Sorbitol Xylitol 
units units 

Original sample 15-2 39-6 
Fraction 

E 0-9 6-4 

F 10-5 13-0 

G 8-1 75 

H 1-5 2-6 


Table 8. Oxidation of polyols by fraction D from 


cells grown on dulcitol 


A sample of fraction D (see text) was kept for 4 days at 
2-3°. The activity to various polyols was determined 
initially and after storage. Cuvettes contained in a volume 
of 2-0 ml.: 0-05 ml. of enzyme, 40 moles of glycine—NaCl 
buffer, pH 9-8, 4x10 ymole of DPN and 10pumoles of 
substrate. Temp., 18°. 


Increase of optical Activity 


density (340 myz.)/min. remaining 
ao after 
After storage 

Substrate Initial storage (%) 
Xylitol 0-266 0-026 10 
p-Gulitol 0-182 0-010 6 
p-Iditol 0-344 0-024 7c 
p-Talitol 0-074 0-005 7 
p-Arabitol 0-016 0-008 50 
L-Rhamnitol 0-009 0-007 78 
Dulcitol 0-195 0-169 87 
Sorbitol 0-105 0-094 90 
6-I Jeoxy-L-gulitol 0-466 0-366 79 
L-Iditol 0-009 0-008 89 
L-Arabitol 0-012 0-010 83 
Ribitol 0-015 * 0 
p-Mannitol = * - 
Nil * * 


* No change of optical density. 


Differential destruction of activities. Table 8 shows 
the effect of storage at 2—-3° on the polyol dehydro- 
genase activities of fraction D. The original ability 
of fraction D to oxidize p-iditol, p-talitol, p-gulitol 
and xylitol diminished by 90% or more. This is 
consistent with the view that a single enzyme (II) 
may be responsible for the oxidation of these 
polyols. By contrast the ability to oxidize dulcitol 
and sorbitol, which possess the structures required 


for oxidation by enzyme I, decreased by no more 
than 10-20%. 
xylitol activity had fallen to 2 % of its original rate, 


After 16 days’ storage, when the 


Percentage 
initial activity 

Ratio — ~— + 
(Xylitol:sorbitol) — Sorbitol Xylitol 

2-6 (100) (100) 

71 6 16 

1-2 70 32 

0-9 54 19 

1-7 10 6 


the oxidation of dulcitol and sorbitol proceeded at 
72 % of their original rates. 

Properties of the stable activities. To study the 
stable activities of the extract (fraction D) from 
cells grown on dulcitol and to compare them with the 
activities of the extract (fraction S) made from cells 
grown on sorbitol, the experiments shown in 
Table 9 were performed. The K,, values are greater 
than the values for the corresponding activities in 
cells grown on sorbitol (Table 5). It will be seen 
that the relative rates of polyol oxidation in 
fraction D (Table 9) follow a different order from 
that observed in fraction S (Table 5). Dulcitol is 
oxidized faster than sorbitol by the enzyme from 
cells grown on dulcitol and L-arabitol more rapidly 
than L-iditol. 

Lability of activities towards mannitol and ribitol. 
The rapid loss of the capacity to oxidize mannitol 
has already been stressed. Ribitol activity was 
originally low and quickly lost (‘Table 8). The high 
order of the K,, values for the stable activities 
suggested that the oxidation of mannitol and ribitol 
might be detected after storage if higher substrate 
concentrations were used. Table 10 shows that the 
effect of on 
reaction velocity is much greater with mannitol and 
ribitol than with sorbitol or xylitol. 


increased substrate concentration 


DISCUSSION 


Enzymes oxidizing polyols are formed adaptively 
by amicro-organism which has many characteristics 
of a species of Pseudomonas. The enzyme is induced 
by growing the organism on nutrient agar supple- 
mented by a polyol or by incubating washed sus- 
pensions in the presence of a polyol. The induction 
phenomenon has some well-defined features. 
Dulcitol is oxidized by cells grown in the presence of 


dulcitol or sorbitol; mannitol by cells grown on 


ee 
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mannitol or sorbitol; and sorbitol by cells grown in 
the presence of any one of these hexitols. Hence the 
ability to oxidize dulcitol can be induced with 
either sorbitol or dulcitol. 

The enzymes are DPN-linked dehydrogenases. 
A natural hydrogen carrier oxidizing DPNH was 
present in crude extracts but interference from this 
source was obviated by conducting spectrophoto- 
metric experiments at pH 9-10. In manometric 
experiments methylene blue can be substituted for 
the natural carrier. 

Mannitol oxidation. The adaptive pattern in 
culture and in washed-cell suspensions (Figs. 2—4) 
suggests that the organisms form a mannitol de- 
hydrogenase. A DPN-linked dehydrogenase of this 
type was detected in extracts of cells grown on 
sorbitol or dulcitol, but the activity was too labile 
to be studied in detail (Tables 1 and 8). The observa- 
tions of Sebek & Randles (1952) suggest that a 
mannitol dehydrogenase is formed adaptively by 
Ps. fluorescens grown in the presence of mannitol or 
sorbitol. 

Galactitol dehydrogenase. Extracts from cells 
grown on sorbitol oxidize dulcitol to p-tagatose and 
sorbitol to p-fructose. Specificity tests with the 
available pentitols and hexitols showed that those 
fully hydroxylated polvols containing an L-threo 
configuration (I) adjacent to a primary alcohol 
group were attacked (Fig. 6). In cases where a 
satisfactory identification was made, the products 
conformed to the hypothesis (e.g. Fig. 8). It is 
probable that a single enzyme is responsible for the 
oxidation of these polyols, although the relative 


CH,.0H CH,.OH 
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Table 9. Stable activities in extracts of cells 
grown on dulcitol 


Cuvettes contained in a volume of 2-0 ml.: 40 umoles of 
glycine-NaCl buffer, pH 9-8, 4x10-'pmole of DPN, 
200 umoles of substrate, 0-2 ml. of enzyme solution (four- 
fold dilution of fraction D stored for 16 days at 2-3°). 
Temp., 18°. The blank cuvette contained water in place of 


substrate solution. 7 
Relative 
rates of 


Increase in oxidation 

optical density referred to 

(at 340 my.) sorbitol 
Substrate ( x 10/15 sec.) as 100 Ky, Values 
Sorbitol 29-3 100 9-47 x 10-*m 
Dulcitol 56-7 193 1-00 x 10-*u 
L-Iditol 5-7 19 1-89 x 10-1M 
L-Arabitol 13-4 46 1-09 x 10-' mu 
Xylitol 6-0 20 _* 


* Lineweaver—Burk plot non-linear. 


Table 10. Effect of substrate concentration on 
reaction velocity with mannitol and ribitol 


Conditions were the same as in Table 8 except for 

substrate concentrations. Enzyme (fraction D) was stored 
ave ¢ )_Q° 

4 days at 2-3°. Moite of 
reaction 
rates at 

5 x 10-?m/ 


Increase in optical density 
(340 my.) x 103/15 sec. at 
substrate concentration of 








: an eee , 5x10-°M 
Substrate 5 x 10-3m 5x 10-?M substrate 
Mannitol 0-1 1-2 12-0 
Ribitol 1-8 12-4 6-9 
Xylitol 22-6 69-7 3-1 
Sorbitol 16-6 40-3 2-4 
CH,.OH CH,.OH 
| | 
H—C—OH CO 
| | 
HO—C—H HO—C—H 
| | 
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oxidation rates differ considerably (Fig. 6, Table 5). 
It is proposed to call the enzyme galactitol de- 
hydrogenase. 

The relative oxidation rates of the substrates 
of galactitol dehydrogenase from cells grown on 
sorbitol (Table 5) are different from those observed 
in the fractionated extracts of cells grown on dulcitol 
(Table 9). If a single enzyme is responsible for the 
oxidation of dulcitol, sorbitol, L-arabitol and L-iditol 
in extracts from cells grown on dulcitol it cannot be 
identical with the galactitol dehydrogenase induced 
by sorbitol, although it has the same type of 
specificity. 

pD-Iditol dehydrogenase. Freshly prepared extracts 
from cells grown on dulcitol (Tables 6, 8) showed 
vigorous activity not only towards dulcitol and 
sorbitol but also towards some polyols which are not 
known to occur in nature (D-iditol, D-gulitol, p- 
talitol and xylitol). The identified products of 
oxidation are shown in Fig. 9. The oxidation of 
sorbitol to D-fructose and of dulcitol to D-tagatose 
suggested strongly that galactitol dehydrogenase 
was present in the extracts but the oxidation of 
p-gulitol to L-fructose showed that the extracts also 
contained an enzyme with enantiomorphic speci- 
ficity. The lability of the activities towards p- 
iditol, D-gulitol, p-talitol and xylitol supports the 
hypothesis that a single enzyme is concerned with 
the oxidation of these substrates. The lability 
foiled attempts to effect a satisfactory chemical 
separation although a partial separation was 
achieved (Table 7). 

A simple hypothesis to explain the existence of 
the labile group of activities is that dulcitol, which 
has a D-threo (II) configuration at one end of the 
molecule, induces the formation of a dehydrogenase 
specific for the oxidation of fully hydroxylated 
polyols containing a D-threo configuration adjacent 
to a primary alcohol group. Since D-iditol is an 
unambiguous substrate which must give rise to 
D-sorbose whichever end of the molecule is attacked, 
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the name proposed for the enzyme is D-iditol 
dehydrogenase. This enzyme could account for the 
products which have been found, and it would be 
expected to oxidize D-arabitol to p-ribulose and 
dulcitol to L-tagatose. The experiments on differ- 
ential inactivation of the enzymes provide no 
evidence suggesting that dulcitol can be oxidized to 
L-tagatose. If this reaction occurs it must be very 
slow. Although dulcitol induces the formation of 
p-iditol dehydrogenase, the failure of an inducer to 
serve as a substrate for an adaptive enzyme is not 
without precedent (Monod & Cohn, 1952). At the 
present juncture no definite conclusions can be 
reached about the nature and number of polyol 
dehydrogenases present in extracts of cells grown on 
dulcitol. The substrate-specificity patterns are 
complicated by several features. The labile mannitol 
dehydrogenase activity may account for the oxida- 
tion of ribitol but the stable activity towards p- 
arabitol is difficult to explain on the same grounds. 
The oxidation of heptitols possessing an L-threo 
configuration at one end of the molecule could be 
ascribed to galactitol dehydrogenase but the site of 
oxidation is uncertain since the products have not 
been identified. 

6-Deoxy-t-gulitol, which is oxidized by a stable 
dehydrogenase more rapidly than any other polyol, 
presents a special problem. The unidentified product 
is a reducing sugar which does not behave like 
6-deoxy-L-sorbose. It is conceivable that it is 1- 
deoxy-p-fructose, or a 3-keto sugar (cf. Richtmyer, 
Stewart & Hudson, 1950), and that 6-deoxy-t- 
gulitol is attacked by an enzyme which is not a 
galactitol dehydrogenase. 

The occurrence of certain polyhydric alcohols in 
plants, alone (e.g. dulcitol and sorbitol in Bostrychia 
scorpoides) or in association with ketoses (e.g. 
perseitol and mannoheptulose in the avocado), may 
well be due to the reduction of ketoses by polyol 
dehydrogenases similar to those described in this 


paper. 
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SUMMARY 


1. A micro-organism identified as a species of 
Pseudomonas forms adaptive enzymes which 
oxidize a large number of polyols. The properties 
and specificities of the enzymes have been studied in 
cell-free extracts. They are diphosphopyridine nu- 
cleotide-linked dehydrogeuases converting polyols 
into ketoses. 

2. Sorbitol and dulcitol induce .he formation of 
galactitol dehydrogenase, which oxidizes dulcitol to 
p-tagatose and accounts for the oxidation of other 
fully hydroxylated polyols containing an L-threo 
configuration adjacent to a primary alcohol group. 

3. Dulcitol also induces the formation of a less 
stable enzyme (D-iditol dehydrogenase) which 
accounts for the oxidation of certain fully hydroxy- 
lated polyols containing a D-threo configuration 
adjacent to a primary alcohol group. 

4. A labile mannitol dehydrogenase occurs in the 
extracts of cells grown in media supplemented with 
sorbitol. 

I am greatly indebted to Professor N. L. Edson for 
suggesting this problem and for his invaluable advice and 
criticism throughout the course of this work. 
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A New Method for the Isolation of Ribonucleic Acids 
from Mammalian Tissues 


-By K. S. KIRBY* 
Chester Beatty Research Institute, Institute of Cancer Research, Royal Cancer Hospital, London, S.W. 3 


(Received 12 April 1956) 


The isolation of ribonucleic acids (RNA’s) from 
mammalian tissues has been the subject of several 
procedures (cf. Magasanik, 1955) and none has 
been entirely satisfactory. The method described by 
Kay & Dounce (1953) involved separation of the 
nuclei, and an adjustment of the pH to 4-5 before 
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two treatments with sodium dodecyl sulphate. 
Grinnan & Mosher (1951) also found it essential to 
remove cell nuclei. They used guanidine hydro- 
chloride to denature the protein, but it was necessary 
to heat the preparation at 90—100° and finally to 
treat with chloroform and butanol to remove the 
protein. Volkin & Carter (1951) also used guanidine 
hydrochloride and kept the temperature at 40°, but 
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the yield in this case was only 20-30 % of the total 
tissue RNA. 

Westphal, Liideritz & Bister (1952) were able 
to isolate pyrogenic polysaccharides from bacteria 
by treatment with phenol and water. When the 
extraction was carried out at 3—5° a glycoprotein 
was found in the aqueous phase, and extraction at 
68° caused the protein moiety to split off and re- 
sulted in polysaccharides and RNA’s being found in 
the aqueous phase. It seemed possible that this 
method could be applied to the extraction of RNA’s 
from mammalian tissues. A series of experiments 
on the extraction of rat liver at 68° showed that it 
was possible to obtain RNA’s by this method, but 
further investigations have shown that better 
obtained by performing the 
extraction at room temperature. After centrifuging, 
the separation appeared as shown in Fig. 1. All the 
deoxyribonucleic acid (DNA) was insoluble, but the 
problem remained to separate RNA from poly- 
saccharides present in the liver. Westphal e¢ al. 
(1952) devised a somewhat lengthy precipitation 
and ultracentrifuging procedure for the separation, 
and some degree of fractionation could be achieved 
by similar methods in extracts of rat liver. Ex- 
perience with RNA in two-phase systems suggested 
that these might be applicable, and it was possible 
to separate rat-liver RNA completely from the 
with 2-methoxy- 
ethanol from potassium phosphate solutions. The 
RNA was all in the organic layer, but the poly- 
saccharide was partially insoluble and_ partially 
soluble in the aqueous layer. 


results could be 


polysaccharide by extraction 


EXPERIMENTAL AND RESULTS 
Preparation and analysis of ribonucleic acids 


Rat liver. Rats were killed by fracturing the neck, and the 
livers were quickly cut out and immediately dropped on to 
solid CO,. The pooled livers were thawed and homogenized 
in water in a Waring Blendor for about 60sec. (Smaller 
quantities could be satisfactorily treated in ground-glass or 
polythene homogenizers of the Potter-Elvehjem type.) The 
homogenate was poured through a large Biichner funnel 
with fine pores, to remove fibrous tissue, and the mixture 
was stirred while an equal volume of 90 % (w/v) phenol was 
added quickly. Stirring was then continued for 1 hr., but 
very small quantities could be treated equally well by 
vigorous shaking for the same period. The mixture could be 
centrifuged immediately or allowed to remain overnight, 
after which centrifuging was carried out in an International 
centrifuge at 1750 rev./min. for 1 hr. at 0°. The cloudy 
aqueous layer was removed by suction and the residue 
washed three times with water. The aqueous layer was 
separated each time by centrifuging for 45 min. and removed 
by suction. The combined aqueous extracts were made up to 
2% with respect to potassium acetate, and the RNA was 
precipitated by addition of 2 vol. of ethanol. 

The precipitate was separated by centrifuging (1750 rev./ 
min. for 20 min.), washed once with ethanol—water (3:1), 
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redeposited by centrifuging and the insoluble portion 
dissolved in 25-100 ml. of water (depending upon the 
amount present). Ethanol was removed either in a rotary 
evaporator of the type described by Lea, Hannan & Rhodes 
(1951) at 20-25°, or by extracting three times with an equal 
volume of ether, when any emulsion which formed was 
usually dispersed easily by shaking vigorously, after 
removing the aqueous layer, or by centrifuging. Ether was 
then removed by blowing nitrogen through the aqueous 
layer. 

The clear aqueous solution was mixed with an equal 
volume of 2-5mM-K,HPO,, 0-05 vol. of 33:3% H,PO, 
(prepared by mixing 1 vol. of AnalaR H,PO,, sp.gr. 1-73, 
with 2 vol. of water) and 1 vol. of 2-methoxyethanol 
(redistilled, b.p. 122-124) (upper phase:lower phase, 5:1). 
The lower layer together with any insoluble material was 
separated either by standing or by centrifuging, and washed 
once with 10-20 ml. of the top layer from a mixture 
of 2-methoxyethanol—water—2-5mM-K,HPO,-33-3% H,P0, 
(1:1:1:0-05, by vol.). The combined top layers contained 
all the RNA and any insoluble matter could be removed by 
centrifuging in polythene tubes in a Servall high-speed 
centrifuge at 10000 g for 1 hr. The clear supernatants were 
combined, a few drops of toluene were added and the whole 
was dialysed against water (21.), which was changed at 
least four times. 

The first diffusate gave a positive ribose test, indicating 
that nucleotides of small molecular weight were present in 
the extract. (An alternative method was to dialyse the 
methoxyethanol layer directly and then to clarify this by 
centrifuging in the Spinco model L centrifuge at 21000 rev./ 
min. for 1 hr.) 

The contents of the dialysis bag were centrifuged if 
necessary, made up to 2% with respect to potassium 
acetate and then precipitated by addition of 2 vol. of 
ethanol. The precipitate was collected by centrifuging, 
washed two or three times with ethanol—water (3:1) and 
then dried in a vacuum desiccator over P,O;. 

The product was a hard, friable, resin-like mass, which 
contained about 12% of moisture and was completely 
soluble in water. The yield was usually of the order 450- 
650 mg./100g. of rat liver, and ZL} %, (260 my.) in water was 
about 200 (ep, 8200). Low £}2%, values showed that all 
polysaccharides had not been removed, and in these cases 


RNA + polysaccharides 


Insoluble protein 


Phenol layer 





DNA + protein 


Fig. 1. Appearance of the separation of the extract of rat 
liver after centrifuging. 
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Table 1. Analyses and base ratios of RNA’s 
Base ratios are expressed on a molar basis with respect to adenine. 

Strain N/P 
of rat Guanine Adenine Cytosine Uracil N (%) P (%) N/P (cale.) 
(a) Rat liver 
August 1-79 1-0 1-60 0-87 11-2 6-67 1-67 1-75 
Wistar 1-80 1-0 1-54 0-84 11-65 6-75 1-72 1-75 
Marshall 1-81 1-0 1-63 0-91 11-85 6-5 1-82 1-74 
(b) Calf pancreas 

3-13 1-0 1-06 0-39 11-8 5°85 2-01 1-99 


the product was dissolved in water, re-extracted with 
potassium phosphate and 2-methoxyethanol and the RNA 
isolated as described previously. 

Paper chromatography of the hydrolytic products from 
heating the RNA obtained before extraction by 2-methoxy- 
ethanol always showed a glucose spot in addition to a ribose 
spot, and glucose was also present in products with low 
Ei i, values. RNA purified by 2-methoxyethanol showed 
only a ribose spot by the same treatment. 

Base ratios were determined in triplicate by hydrolysing 
the RNA (1-5 mg.) in N-HCl (0-05 ml.) for 1 hr. at 100°, and 
0-01 ml. of the resulting clear solution was used for each 
determination. The solvent system (methanol-ethanol— 
water-11-6N-HCl, 50:25:19:6, by vol.) used for separating 
the products has been described previously (Kirby, 1955). 
A further 0-01 ml. of this solution was used for detecting 
sugars by paper chromatography. 

Hydrolysis of RNA’s with 5-8n-HCl for 16 hr. at 100° 
showed only very faint traces of amino acids by paper 
chromatography. 

Analyses and base ratios of rat-liver RNA’s are shown in 
Table 1 (a). Nitrogen and phosphorus values were obtained 
from material containing about 12% of moisture. 

The RNA’s from rats of the Marshall strain were obtained 
by treatment with phenol and water at 68°, the others were 
isolated at room temperature. The ratio N/P (cale.) is 
the figure obtained from the base ratios when 1 atom of 
P/residue of base is assumed. 

Other rat tissues. The same method has been applied 
successfully to rat kidney, spleen, a transplantable sarcoma 
and especially to many liver tumours induced by 4-di- 
methylaminoazobenzene. The results of these will be 
reported later. 

Calf pancreas. The calf pancreas was kept in a Dewar 
flask with solid CO, for 1 week before being used. Calf 
pancreas (100 g.), freed from connective tissue, produced 
279 mg. of RNA; £} 2%, , 199 (A,,ax.5 256 my.). Analyses and 
base ratios are shown in Table 1 (bd). 

[t will be noticed that a very low pyrimidine content was 
obtained, which may have been the result of keeping the 
material before use, but the L} 2, seemed toindicate that no 
extensive degradation had occurred. 

Rous tumour. Previously frozen tumour (80 g.) was 
treated as described above, and RNA together with hyal- 
uronic acid appeared in the aqueous layer. However, the 
hyaluronic acid was extracted with the RNA into the 
organic layer of the 2-methoxyethanol-K,HPO, mixture. 
No separation was achieved when 4% of sodium borate 
was used in the place of the water in the mixture (4%, 
w/v, sodium borate—2-5 M-K,H PO,—2-methoxyethanol-33 % 
H,PO,; 1:1:1:0-05, by vol.), a result in agreement with the 








proposed structure for hyaluronic acid which contains no 
cis-diol groupings (Meyer, Fellig & Fischer, 1951; Jeanloz & 
Forchielli, 1951). Since Beale, Harris & Roe (1952) have 
shown that Rous-tumour RNA could be satisfactorily 
separated from hyaluronic acid by the use of hyaluronidase 
the investigation was not continued. 


Inhibition of pancreatic ribonuclease by 
treatment with phenol and water 


Pancreatic ribonuclease (3 mg.) was dissolved in water 
(10 ml.) and 5 ml. of this solution was mixed with 5 ml. of 
90% (w/v) phenol, and the mixture shaken for 1 hr. The 
phenol layer was separated and the aqueous layer extracted 
five times with ether. The ether was removed from the water 
by bubbling nitrogen through the solution, which was then 
made up to 5 ml. again. 

Volumes of the treated and untreated 
solutions (0-5 ml. of each) were added to 2 ml. portions of 
a solution of purified yeast ribonucleic acid (60 mg.) 
dissolved in 5 ml. of 0-2m sodium acetate. After remaining 
for 18 hr. at 20°, 0-01 ml. of each solution was spotted on 
to paper and chromatographed with the solvent system 
methanol-ethanol—water—11-6 N-HCl (50: 25:19:6, by vol.). 
(See Kirby, 1955.) 

Some fluorescent material had moved a few centimetres 
from the origin in each case, but uridylic and cytidylic acids 
could be detected only in the system with yeast RNA and 
untreated ribonuclease. The two nucleotide spots observed 
had the correct Ry values and were eluted with 0-2 m sodium 
acetate. The ultraviolet-absorption curves were character- 
istic of each component. 


ribonuclease 


DISCUSSION 


The present method has a number of advantages 
over those previously published. The whole pre- 
paration is carried out at pH 6-0—7-5. Pancreatic 
ribonuclease has been shown to be either denatured 
or extracted by phenol, and since this is a relatively 
stable enzyme it is reasonable to assume that most 
other nucleases were similarly inactivated. The 
main advantage is that up to the moment no case 
has been encountered where the DNA has been 
solubilized. It is not therefore necessary to separate 
the nuclei before the preparation, and the method 
should be eminently suitable for the preparation of 
RNA from nuclei. So far proteins have caused no 
difficulties, and all RNA’s prepared by this method 
have been virtually protein free. The main difficulty 
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(which has been encountered with many RNA’s) 
was the clean separation from polysaccharides, and, 
although it is possible to reduce glycogen contami- 
nation of liver preparations by starving the animals 
for 24 hr. before the experiments, the RNA’s could 
be separated by the 2-methoxyethanol technique 
without either perfusing the liver or starving the 
animals. This particular two-phase system may not 
always be successful, and an example of this is 
given in the attempted isolation of RNA from Rous 
tumour, but there is little doubt that other effective 
systems could be found. The extraction of hyal- 
uronic acid into the organic layer suggests that 
similar two-phase systems may be of value in 
fractionating polysaccharides. 

The separation of RNA’s from mammalian 
tissues by treatment with phenol indicates that in 
the main these poly-acids cannot be attached to the 
proteins electrostatically. It seems reasonable to 
assume that hydrogen bonds exist between the 
bases of the RNA’s and the proteins concerned, and 
that these bonds are broken by the phenol. No 
doubt the solvent properties of phenol are important 
in the separation, as a considerable amount of 
protein can be precipitated from the clarified phenol 
layer by addition of sodium acetate and ethanol. 


SUMMARY 


1. Ribonucleic acids have been prepared from 
mammalian tissues by extraction with phenol and 
water at room temperature. 

2. Deoxyribonucleic acids remain completely 
insoluble under the conditions used. 
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3. Ribonucleic acids have been separated from 
polysaccharides by extraction with 2-methoxy- 
ethanol from potassium phosphate solution. 

4. Pancreatic ribonuclease was inactivated by 
the same phenol treatment. 


The author thanks Professor A. Haddow for his interest, 
Dr R. J. C. Harris for supplying the Rous tumour and 
Miss G. E. Adams for technical assistance. 
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Institute of Health, United States Public Health Service. 
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A Windowless Flow-type Geiger Counter for the Assay 
of Solid Materials Containing Soft B-Emitting Isotopes 


By T. E. BANKS, L. W. BLOW anp G. E. FRANCIS 
Departments of Physics and Biochemistry, Medical College of St Bartholomew’s Hospital, London, E.C. 1 


(Received 22 April 1956) 


Although gas-counting and scintillation-counting 
methods are more efficient than solid-sample 
counting methods for isotopes emitting only soft 
B-particles, there are many occasions when measure- 
ment of the radioactivity of a solid sample, with a 
suitable Geiger or proportional counter, constitutes 
a perfectly satisfactory and sufficiently sensitive 
method of assay. The method also has much to 
recommend it from the point of view of speed, 
simplicity, and the ability to recover the sample 
unchanged after assay. 


The thinnest mica windows on Geiger counters 
commercially available in this country absorb over 
50% of the B-particles from *S or “C, and do not 
permit the passage of 5H f-particles at all. By the 
use of a windowless counter the sensitivity with 
which 4C or ®S may be detected and meazured in 
solid samples can, therefore, be at least doubled, 
and the method is theoretically also applicable to 
the measurement of #H. 

Windowless counters for solid samples may be of 
two main types: demountable, and continuous gas 
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flow. In the first type the sample is introduced into 
the counter, which is then reassembled and refilled 
with a suitable gas mixture. In 1942 we carried out 
experiments with this type of counter, for measuring 
%§, but decided that the increased sensitivity 
obtained was more than counterbalanced by the loss 
of time involved in refilling the tube before each 
successive sample could be assayed, and the varia- 
tions in the characteristics of the tube produced by 
small changes in the composition and pressure of the 
gas “lling. The method was therefore abandoned. 

In the second type, the filling gas is kept con- 
tinuously flowing through the counter tube at a 
pressure slightly above atmospheric, and successive 
samples are introduced by a mechanism involving 
the minimum disturbance of the tube. Any air 
admitted with the sample will alter the character- 
istics of the tube, and must be flushed out by the 
filling gas before counting can be commenced. 

For the successful operation of a flow-type 
counter it is essential that the composition of the 
gas mixture (usually helium and asuitable quenching 
vapour) shall not vary. This may be achieved by the 
use of a cylinder of premixed gas, but since such 
gas mixtures have not until now been readily 
available in this country, quenching vapour is 
usually incorporated by bubbling the helium 
through a liquid of suitable vapour pressure before 
passing it into the counter tube. 

We have used this method with a variety of 
quenching agents, including water, methanol, 
ethanol and ethyl formate. The water-vapour 
pressure was reduced to about 1 cm. by using 50% 
(v/v) sulphuric acid in the bubbler, and the organic 
vapours were obiained at suitable pressures by 
cooling the bubbler in a Dewar flask containing 
water and crushed ice. Satisfactory operation was 
achieved with any of these quenching agents, but 
the best and most readily reproducible voltage 
characteristics were obtained with cooled ethanol, 
with a depth of liquid in the bubbler of not less than 
6 in. 

Gas-flow counters based on this géneral principle 
have been constructed by a number of workers 
(e.g. Eidinoff & Knoll, 1950; Garrow & Piper, 1955) 
and have proved exceedingly useful where a some- 
what higher sensitivity than that obtainable with a 
thin-mica-window counter was desirable, without 
going to the trouble of gas counting. However, 
these have all suffered in greater or lesser degree 
from the failing that some time must be allowed to 
elapse between starting the gas flow and commenc- 
ing the first assay, and between assaying successive 
samples, to ensure complete elimination of all the 
air originally present in the tube or introduced with 
the samples. For this reason we decided to in- 
corporate into our counter a ‘preflushing’ device 
similar to that used in the Tracerlab SC 16 tube, 
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whereby each sample is preflushed with the filling 
gas in a separate chamber before being transferred 
to the counter, and this transfer is effected without 
any significant admission of air to the tube. By this 
means, the initial waiting period has been reduced 
to about 20 min., and the waiting period between 
samples to 30 sec. Assays can therefore be made as 
quickly as on a conventional thin-window counter. 
In the authors’ opinion this makes the increased 
complexity of the construction well worth while. 
This counter has been in use for several years, and 
a brief description of an earlier model was given by 
Blow & Francis (1953). Since then a number of 
requests have been received for more detailed 
information, and an improved model has been 
designed. In earlier models the passage of gas was 
uninterrupted during the transfer of samples from 
the preflushing position to the counting position, 
but this entailed a less positive seal between the 
open end of the counter and the base plate, with a 
consequent risk of slight air leaks into the tube. The 
new design allows temporary interruption of the 
gas flow during the transfer, which results in a slight 
increase of pressure within the tube during this 
process and helps to prevent influx of air. 


CONSTRUCTION 


Basically, the apparatus (Fig. 1) consists of two circular 
plates, C, mounted face to face; the upper plate carries the 
counting chamber, D, and the lower one three planchet 
holders, Z. By rotating the lower plate each planchet holder 
in turn is brought under the counter. 

The upper plate is of stainless steel (6 in. x $ in.) and the 
lower of brass (5 in. x  in.); the two are held together under 
slight pressure by three spring-loaded steel balls, F, which 
positively locate each station by means of dimples in the 
lower surface of the lower plate. The plates are mounted 
horizontally on a cast base, the upper plate being fixed and 
the lower one free to rotate about the vertical axle, G. The 
planchet holders are mounted in the upper face of the lower 
plate in three recesses which are equi-spaced on a pitch 
circle of diameter 2-5 in. Each holder carries an O-ring seal 
pressing firmly against the lower face of the upper plate 
when the holders are raised by the screw-lift mechanism, J, 
which operates by a nut on the centre screw (8 threads/in., 
square form) turned by the lever, .K; the screw is restrained 
from turning by a small keyway in the upper plate. The 
stem of each planchet holder passes through a gasket, L. 
The upper plate is drilled with two holes, in positions 
corresponding to two of the planchet holders. The counting 
chamber is mounted over one hole and hermetically sealed 
in position by O-ring gaskets, M, and the other gives access 
to a second planchet holder. The upper plate also carries a 
small glass bubbler, V, containing a silicone vacuum-pump 
oil. 

The counting chamber is of the bell type, made of stainless 
steel, bored out to ¢ in. diameter and polished, open at the 
lower end where it fits into the mounting, and closed at the 
upper end by a Distrene (polystyrene) insulator, O, firmly 
pressed into the tube. A brass boss, P, is sealed into the 
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Fig. 1. Windowless flow-type Geiger counter. 


A, Plan view; B, general elevation; C, section through A—B of plan 


view (4); D, section between stations to show the path of gas and the rubber seals on the shafts of the planchet 
holders; £, loading aperture seen in plan and sectional views. 
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insulator, and this in turn carries a 76 in. brass rod, Q, fixed 
and sealed in position by a screw cap, R, and O-ring gasket. 
The tungsten-anode wire, S (0-1 mm. diameter), is sheathed 
by a copper tube, 7' (diameter 7 in.) to which it is soldered 
at its upper end. This is held in the rod, Q, by a small grub- 
screw. By this means the whole anode assembly is easily 
taken apart for cleaning and changing. The anode is termi- 
nated at its lower end, % in. above the planchet holder, by 
a glass bead 0-02 in. in diameter. 

The helium gas, after passing through dry ethanol, as 
described above, is admitted to the counting chamber via 
a channel within its wall (at U’) and the insulator carrying 
the mounted anode. The gas escapes around the planchet 
through twin orifices, V,in the base of the planchet holderand 
thence via a series of drill holes, W,in the plates, as shown in 
the diagram of the section between stations. The opening into 
this channel is sealed by the planchet holder in the lowered 
position during the transfer of samples. The gas channels lead 
the gas issuing from the counting chamber over and around 
the second planchet holder (the preflushing position) and 
finally out through the bubbler. This bubbler serves the triple 
purpose of maintaining a positive seal on the outlet of the gas 
system, maintaining a pressure slightly above atmospheric 
within the system and enabling the rate of flow of gas to be 
observed. 


OPERATION 


The helium gas is turned on and adjusted to give a flow of 


about 4 bubbles/sec. The first sample is loaded into the 
planchet holder facing the aperture in the top plate. The 
lower plate is rotated through 120° and the second sample 
loaded into the second holder, which is now opposite the 
opening. The turntable is again rotated; a third sample is 
loaded in the same way, the lever is operated to raise the 
planchet holders and complete the sealing of the chamber 
and the loading aperture is closed with a Perspex cover (X). 

After approximately 20 min. the gas flow may be reduced 
to 1 bubble/sec. and counting commenced. To change 
samples, the lever is operated to lower the planchets and the 
turntable is again rotated through 120°. This brings the 
second (preflushed) sample under the counting chamber, the 
third into the preflushing position and the first into the 
loading position, from which it may be removed and 
replaced by a fourth. The lever is again operated to raise the 
planchet holders and seal the base of the counter; provided 
that the second sample has been preflushed for not less than 
1 min., counting may be recommenced immediately. 
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RESULTS 

The counter has a threshold of 1150v, and a plateau 
of 200—-500v, according to the length of time for 
which the gas has been flowing through the counter. 
The average slope of the plateau is usually about 
2%/100v. The pulses may be fed directly into any 
suitable conventional recording unit; the results 
quoted have actually been obtained with a Panax 
100C combined EHT and scaler unit. 

No absolute measurements have been made of 
the efficiency for 4C or *S, but samples containing 
either of these isotopes, mounted on nickel planchets 
(G.E.C. Ltd.) of 1-76 cm.” area, give count rates 
three to four times that when the samples were 
counted under a commercial mica-window Geiger 
counter (G.E.C. type EHM2S, or 20th-Century 
Electronics type EW 3H, window thickness about 
2 mg./em.?). The use of the windowless counter for 
determination of tritium is discussed, and an esti- 
mate of its efficiency given, by Banks, Crawhall & 
Smyth (1956). 

The background count rate, when the chamber is 
surrounded by 1 in. of lead, is 4-6/min. 


SUMMARY 


1. The construction of a windowless Geiger 
counter for the assay of soft B-emitting isotopes is 
described. 

2. The counting gas mixture is arranged to 
flush air from a second sample while the first is being 
counted. 

3. The counter has a low background count 
rate; for MC or ®S its efficiency is three to four times 
that of commercial thin-window Geiger counters, 


and it may also be used for measuring 7H. 
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Schoenheimer & Rittenberg (1935) discussed the 


possibility of using an uncommon isotopic form of 


an clement as a tracer in biochemical research, and 


introduced methods for using the stable isotope of 


hydrogen, deuterium, as a label, which they applied 
in the study of fatty acid metabolism. These workers, 


and many others, have since applied the technique 


of deuterium labelling to many problems of meta- 

Recently a 
tritium, 
become readily available. Radioactive isotopes are 


bolism in a wide variety of fields. 


radioactive isotope of hydrogen, has 
in genera! more valuable than stable isotopes as 
biochemical labels, as the methods for assay of 


radioactive isotopes are more sensitive than those 
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available for the quantitative determination of the 
relative abundances of isotopes differing in mass 
alone. 

The detection and estimation of tritium, however, 
presents unusual problems, since the isotope decays 
with the emission only of £-particles of very low 
energy. The maximum energy of these particles is 
0-018 Mev (Hollander, Perlman & Seaborg, 1953), 
whereas the maximum energies of the f-particles of 
the two radioactive isotopes @C and *§S are 0-155 
and 0-167 Mev respectively (Hollander et al. 1953). 
As a result of the very low energy of the B-particles 
from tritium, corresponding to a limiting range of 
only 0-23 mg./em.?, none of this radiation penetrates 
even the thinnest of mica windows of a conventional 
Geiger counter. 

There are three distinct techniques which have 
been used to overcome this difficulty. Eidinoff & 
Knoll (1950) developed a method for the assay of 
tritium-labelled solid substances in a windowless 
flow-type counter, using a _ special spreading 
technique to obtain very thin layers of thé radio- 
active material. We hoped that such tritium- 
labelled substances could be assayed rapidly and 
accurately in the form of thicker layers which could 
be prepared simply by compressing the samples on 
planchets (cf. Popjaék, 1950), and this method of 
assay has now been satisfactorily developed. It has 
been suggested that as a result of the very weak 
f-emission of tritium the observed count rates 
obtained with tritium-labelled compounds might be 
affected by their crystal structures. We have in- 
vestigated this possibility and also the effect of the 
presence of a heavy metal in asample on its apparent 
specific activity. 

A second technique for the assay of tritium- 
labelled substances has been described by Hayes & 
Gould (1953). In this method, the sample to be 
assayed is dissolved in a solvent containing a liquid 
phosphor, and the disintegrations are recorded with 
a scintillation counter. 

The third method of estimating tritium activities 
involves the conversion of a sample of the material 
containing the isotope into either hydrogen or a 
volatile compound of hydrogen, which is introduced 
directly into the counter. By this gas-counting 
method a much higher proportion of the emitted 
B-particles can be detected. Some previous workers 
have used water vapour (Pace, Kline, Schackman & 
Harfenist, 1947; Butler, 1955; Cameron, 1955) and 
hydrogen gas (Bernstein & Ballantine, 1950) in this 
manner. Neither of these gases is entirely suitable as 
a counter-filling gas; so other workers have con- 
verted the water vapour obtained by combustion of 
tritium-labelled substances into various volatile 
hydrocarbons, which show more favourable count- 
ing properties. Methane (White, Campbell & Payne, 
1950; Robinson, 1955), butane (Glascock, 1951) and 
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acetylene (Wing & Johnston, 1955) have been used. 
This subject has recently been reviewed by Glascock 
(1954). We have investigated the method of White 
et al. (1950), and developments of their original 
technique will be described. 


MATERIALS AND METHODS 


Estimation of tritium with a windowless 
flow-type counter 


The dry solid samples for assay were ground in an agate 
mortar and pressed on a recessed nickel planchet (area 
1-76 cm.*) with the end of a cylindrical metal rod. It was 
found that 20 mg. was the minimum weight of a powdered 
solid which could be easily pressed into a uniform layer on 
these planchets. The sample (10 mg.) and powdered graphite 
(10 mg.) were ground together and pressed on a planchet as 
described above. The planchet was then introduced into a 
windowless flow-type counter constructed in this Labora- 
tory (Banks, Blow & Francis, 1956). This counter was used 
in conjunction with a Panax 100C recording unit. The 
counter is normally operated with the tip of the anode wire 
% in. above the surface of the sample. It was found that the 
observed count rate of tritium-labelled compounds was 
increased by 65% by lowering the anode wire until the tip 
was only fin. above the sample without appreciably 
altering the length and slope of the counter ‘plateau’. 


Estimation of tritium as methane 


Oxygen from a cylinder was passed successively through 
a sulphuric acid bubbler, an oil-flow meter, a tube containing 
magnesium perchlorate (Anhydrone, British Drug Houses 
Ltd., M.A.R. grade) and a second tube containing Carbosorb 
(British Drug Houses Ltd., M.A.R. grade). This purified 
oxygen was then passed over the sample to be assayed in a 
combustion tube of the type generally used in the micro- 
analysis of samples for carbon and hydrogen content. The 
tube was packed with copper oxide (M.A.R. grade) held in 
position with silver wool. This portion of the combustion 
tube was heated by an electric furnace. The sample was 
heated by a separate furnace which travelled along the 
tube during the combustion. The products of combustion of 
the sample to be analysed were drawn from the combustion 
tube into the manifold tube (constructed by A. D. Wood 
and Co., 12 Skinner Street, London, E.C. 1) shown in Fig. 1. 
The rate of flow of gas was controlled by the tap A, which 
has a grooved key (Arrol & Glascock, 1948), and was 
adjusted so that the pressure in the cooling coils was about 
2 mm. Hg. These cooling coils were immersed in a mixture of 
solid carbon dioxide and ethanol. When the combustion was 
complete, the cooling mixture was removed from the coils 
and transferred to cool the 100 ml. round-bottomed flask B, 
which contained powdered aluminium carbide (Baird 
Chemical Corporation, 254 West 31st Street, New York), 
previously heated under vacuum to remove adsorbed gases. 
After 5 min., when all the water had been transferred from 
the cooling coils to flask B, the spring-loaded tap C was 
closed. The flask and tap were removed from the manifold 
line, and light springs were attached from the tap to the 
flask. The flask was then heated over a Bunsen flame and at 
the same time gently agitated by a mechanical shaker. 
A thermometer suspended in the flask under comparable 
conditions registered 120°. Under these conditions, the 
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reaction was complete within 1 hr. The flask was then 
reattached to the manifold line at tap D, the methane was 
transferred by means of a Tépler pump to the calibrated gas 
burette , and its pressure was measured on the manometer 
F. At this stage it was possible to add inactive methane 
(obtained from Petrochemicals Ltd., Manchester, and used 
without further purification) from the reservoir G. This may 
be necessary if the volume of gas obtained from the sample 
is insufficient to fill the counter tube to the standard pressure, 
or if it is suspected that the activity of the sample is too high 
for counting. The tap H was turned so that methane could 
flow from the reservoir G into the gas burette. This tap was 
then closed and the pressure of gas in the burette was again 
measured. The tap J, connecting the gas burette with the 
counter tube (20th-Century Electronics, Type GA3), was 
opened and the mercury from the Tépler pump was allowed 
| to rise. In order to raise the mercury up to the tap J, it was 
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necessary to apply a pressure to the mercury in the Tépler 
pump reservoir. The counter tube was filled to a pressure of 
20 cm. Hg (for the effect of gas pressure on the character- 
istics of methane-filled counters, see White e¢ al. 1950). The 
counter was disconnected from the manifold line, placed in a 
castle constructed of 2 in.-thick lead bricks and connected 
to the electronic recording circuit. This consisted of a 
high-frequency head amplifier and linear amplifier (Ecko 
Type 1049 B) which were operated at an overall amplifica- 
tion of 15800, differentiation and integration time-constants 
both of 0-8 ysec., a stabilized extra high-tension unit (Panax 
Type P. 3000), and a decade scaling unit (Panax Type 1008). 
The counter was operated in the proportional region and 
had a threshold at 1550v with the methane filling at a 
pressure of 20cm. Hg. The voltage characteristic had a 
plateau of 400v with a slope of 1% per 100v. The back- 
ground was approximately 30 counts/min. 
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Vacuum manifold used in the gas-counting method of tritium assay. The apparatus was constructed in sections 
which were connected by conical and spherical joints not shown in the figure. A, C, D, Two-way taps; B, 100 ml. 


round-bottomed flask; E, calibrated gas burette; F, mercury manometer; (, inactive-methane reservoir; H, J, three- 
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Effect of graphite on the observed count rates of infinitely thick samples of tritiwm-labelled valine 


and cystine, measured with a windowless counter 


The figures are net counts/min. with s.p.-+2% in each case. Graphited samples contain equal weights of graphite and 
compound. The count rates of the graphited samples are not corrected for the dilution effect of the graphite, except where 


stated. 


Determination 


No. 1 

No. 2 

No. 3 

Maximum deviation (%) 

Mean count rate corrected for graphite 
dilution where applicable 


RESULTS 


Preparation of samples for assay with the 
windowless flow-type counter 


The first tritium-labelled compound we prepared 
was DL-[x8--H]valine. When a sample of this 
substance was pressed on a nickel planchet and 
counted in a windowless flow-type counter, the 
count rate observed on different occasions varied by 
as much as 20 %, i.e. ten times the standard devia- 
tion. More recently, this phenomenon has again 
been observed with biosynthetic tritium-labelled 
penicillin and has occurred to a less extent in 
tritium determinations on other compounds. 
Samples of pt-[«-H ]eystine, on the other hand, gave 
count rates which were reproducible within the 
standard deviation. When the samples were mixed 
with an equal weight of graphite before plating, 
however, the observed count rates were readily 
reproducible in all cases. These results are summar- 
ized in Table 1. The minimum weight of graphite 
necessary to stabilize the count rate varied with the 
sample. In many cases the addition of an equal 
weight of graphite was in excess of the minimum 
required, but it was convenient to employ a 
standard procedure so that the observed count rate 
of one sample could be readily compared with those 
of other samples. This technique has been applied 
to the following tritium-labelled compounds with 
consistent results: pu-[«B--H]valine; pt-[f-2H]- 
the 2:4-dinitrophenylhydrazone of 
butyraldehyde labelled both in the 1:2- and 2- 
positions with tritium; N-benzoyl-pu-[«f-3H Jvaline 





valine; iso- 


and its silver salt; the silver salt of [x-H ]isobutyric 
acid; DL-[«x8-*H]-8-phenylalanine; the 2:4-dinitro- 
phenylhydrazone of phenylacetaldehyde labelled in 
the 1:2-positions; pu-[x-?H]eystine; S-benzyl-pL- 
[a-*H cystine; and penicillin and rabbit serum 
labelled with biosynthetically. 
Details of the preparation of these compounds will 


proteins tritium 


appear in later communications. 





Valine Cystine 
Cc ? x c Q * 
Without With Without With 
graphite graphite graphite graphite 
3227 2137 1215 679 
2778 2110 1216 695 
2613 2083 1223 708 
+12 +13 +0-4 +2 
2873 4220 1218 1388 


Table 2. Measurement of specific activities of a 
sample of tritium-labelled valine and its derivatives 
with a windowless counter 


Observed 
activity 


Specific 
activity 


Sample (counts/min.) (jwc/m-mole) 
Valine 4044 7-1 
N-Benzoylvaline 2061 6-8 
Silver salt of N-benzoyl- 1459 7-2 
valine 
2:4-Dinitrophenylhydrazone 1909 7-2 


of isobutyraldehyde 


Relation between the observed count rate and 
the specific activity of a sample 


In order to test whether the count rate observed 
in the windowless counter was proportional to the 
specifie activity of the sample, or whether it was 
affected by the crystalline form of the material or 
the presence in the sample of heavy metals, a 
sample of pt-[8-*H]valine was submitted to the 
following procedures: (i) benzoylation by the 
Schotten—Baumann technique to give N-benzoyl- 
DL-[ B-?H]valine, which was converted into its silver 
salt; (ii) oxidative decarboxylation to [B-*H]/so- 
butyraldehyde which was isolated as its 2:4-dinitro- 
phenylhydrazone. Samples of these four products, 
and of the original valine, were mixed with graphite, 
pressed on planchets and counted in the windowless 
counter. The results are given in Table 2. Within the 
limits of error of the determination, the observed 
count rates were proportional to the specific 
activities of the valine and its derivatives. In 
particular, the observed count rates of N-benzoyl- 
pu-[B-*H]valine and its silver salt were related to 
the count rate of pu-[f-*H]valine in the inverse 
ratio of their molecular weights; i.e. in this case 
the presence of a heavy-metal atom in the molecule 
does not significantly affect the apparent specific 
activity. 
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Efficiencies of the gas counter and the 
windowless flow-type counter 


Tritium determinations were carried out on 
tritiated water standardized by the U.K. Atomic 
Energy Authority, Harwell. ‘Tritiated water 
(18 mg., 0-51 + 10 % pwc/g.) was allowed to react with 
excess of aluminium carbide (1-0 g.), and the result- 
ing methane was transferred to the counter tube as 
described above. The volume of gas obtained was 
sufficient to fill the counter tube (25 ml. capacity) toa 
pressure of 20cm. Hg. A count rate of 5070/min. was 
observed. Since the number of f-particles emitted 
by such a sample is 2-02 x 104/min., the overall 
efficiency of the gas-counting method is approxi- 
mately 25%. During the conversion of water into 
methane, one-half of the hydrogen molecules is lost 
in the formation of aluminium hydroxide; so the 
maximum possible efficiency of this method is 50 %. 

The yields of methane and the corresponding 
count rates obtained from different weights of 
valine are given in Table 3. In each case, the volume 
of gas obtained was greater than the minimum 
required to fill the counter at a pressure of 20 cm. 
Hg. The observed count rate was thus independent 
of the weight of valine subjected to combustion. In 
practice the minimum weight of valine required in 
this method is 24-4 mg. 

The efficiency of the windowless flow-type counter 
was determined by assaying DL-[«f-*H]valine first 
in the windowless counter and then by the gas- 
counting method. A sample, prepared by mixing 
valine (10 mg.) and the graphite (10 mg.), was 
found to give a net count rate of 12/min. on the 
windowless counter. A sample of the same valine 
(24-4 mg.), assayed by the gas-counting technique, 
gave a count rate of 2267/min. Since the efficiency 
of the latter method is approximately 25%, it 
follows that under these conditions the windowless 
counter has an efficiency of approximately 0-3 %. 


Table 3. Analysis of tritium-labelled valine 
by gas counting 
Pressure of 
methane 
obtained at 


Pressure of 


methane Observed 


Wt. of obtained at constant vol. radio- 

valine constant vol. (50 ml.)/mg. -activity 

analysed (50 ml.) of valine (counts/ 
(mg.) (em. Hg) (em. Hg)* min.) 
47-1 19-8 0-42 2245 
45-0 18-4 0-41 2221 
43-4 18-0 0-41 2296 
38-4 15-9 0-41 2304 
Mean value 2267 


* The quantity of gas obtained from the analysis of 
valine and from the direct reaction of a known weight of 
water with aluminium carbide is 20% greater than that 
expected if the reaction were to proceed stoicheiometrically 
according tothe equation Al,C, + 12H,O =3CH, +4Al(OH),. 
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DISCUSSION 


The sensitive volume of a conventional ‘bell-type’ 
Geiger counter extends beyond the end of the anode 
wire for a short distance, but does not necessarily 
extend as far as the window. In our windowless 
counter, the sample occupies approximately the 
position of the window in a conventional counter, 
and may therefore not be within the sensitive 
volume unless the end of the anode wire is very 
close to it. This is unimportant in the counting of 
MC or %S, as their B-particles have sufficient energy 
to reach the sensitive volume without significant 
absorption in the intervening gas. With tritium, 
however, considerable losses may occur in this way, 
so it is essential that the end of the anode wire shall 
be as close to the sample as possible. 

The tendency toward instability in the counter is 
considerably increased by lowering the anode wire, 
as the anode, which is at a high potential, will be 
brought very close to the sample, which is at earth 
potential. In practice it has been found that the 
distance between the sample and the insulating 
bead on the end of the anode may be reduced to 
in. provided that the bead has been carefully 
examined under a microscope and found to be free 
from imperfections. 

It was shown in Table 1 that certain tritium- 
labelled substances show variable count rates in the 
windowless counter. The wall of such a counter 
acts as the cathode and is in contact with the base of 
the counter in which the sample lies. However, the 
powdered sample is a relatively poor conductor of 
electricity, whereas the wall of the counter is a good 
conductor. We thought the variation in the observed 
count rates might result from the samples being 
non-conductors of electricity and therefore the 
samples were mixed with an equal weight of 
graphite. With this technique, not only was the 
reproducibility of the observed count rate of valine 
samples improved, but the observed activity of the 
samples, after correction for the dilution with 
graphite, was greatly increased. With cystine, 
which did not show a variation in count rate without 
graphite, the addition of graphite increased the 
observed activity only slightly. 

One explanation for this phenomenon is that the 
presence of a non-conductor below the anode wire 
distorts the electric field within the counter, so that 
the distance from the sample to the active counter 
volume is altered. The extent of this distortion 
would depend on the electrical properties of the 
sample, but the distortion would be removed if the 
sample were rendered conducting by addition of 
graphite. With samples unsuitable for counting 
without graphite, the observed count rate would be 
expected to alter on addition of graphite, as the 
electric field inside the counter would return to its 
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normal distribution. A second possible explanation 
is that a static electric charge builds up on the surface 
of the sample which, by exerting a repelling force on 
the £-particles travelling toward the anode wire 
from beneath the surface of the sample, prevents 
some of the weaker radiations from reaching the 
active counter volume. The observed effect could 
arise from either of these possibilities or from a 
combination of the two, and would be common to all 
windowless counters; but the effect would be most 
pronounced in tritium emissions, where the mean 
free path of the particles is very short and the 
energy of the particles very low. 

Eidinoff & Knoll (1950) reported an efficiency of 
2-5 % in their estimation of tritium on a windowless 
counter. The method described above has reduced 
this efficiency still further, both as a result of 
counting samples at much greater thicknesses and of 
adding graphite to the samples; but in view of the 
very high specific activities that can be introduced 
into organic molecules with tritium as a label, the 
disadvantage of this loss of efficiency is outweighed 
by the ease and rapidity with which thicker samples 
may be prepared. Crawhall & Smyth (1955) 
described a method of synthesizing tritium- 
labelled valine having an activity of 14 mc/m-mole, 
though a greater activity could have been obtained 
by a similar procedure. Since tritium-labelled 
valine having an activity of 0-14,c/m-mole had 
a count rate of 80/min. in the windowless counter 
under the conditions described here, this product 
could still be accurately assayed after an overall 
isotope dilution of 10°. The count rate of such a 
sample analysed by the gas-counting technique 
would be 80 times that observed on the windowless 
counter, so tritium-labelled valine could still be 
successfully assayed by the former method after a 
dilution of 8 x 108. However, the gas-counting tech- 
nique has the disadvantages both of being much 
slower and of involving the destruction of the sample. 

The gas-counting technique described above is 
a modification of the method of White et al. (1950). 
The inodifications we have introduced make it 
possible to carry out an analysis on much smaller 
quantities of material and to measure quanti- 
tatively the volume of methane gas obtained. The 
minimum weight of sample which can be analysed 
successfully is determined partly by errors arising 
from the dilution of radioactive with inactive 
methane. An analysis of cholesterol (8 mg.) gave 
rise to 50 ml. of methane at a pressure of 4-4 em. Hg. 
As the manometer is graduated in millimetre 
divisions, the error in diluting this sample should 
not be greater than 5%. It can be seen from Table 3 
that the experimental error without dilution of the 
gas sample is of the same order; so in this case 8 mg. 
of cholesterol is about the minimum which can be 
subjected to combustion without decreasing the 
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accuracy of the analysis. In general, the minimum 
weight which can be accurately assayed will 
depend on the hydrogen content of the compound 
concerned. 

SUMMARY 


1. A method of estimating tritium in infinitely 
thick solid samples in a windowless flow-type 
counter is described. 

2. It is shown that in this apparatus the ob- 
served count rates of tritium-labelled compounds 
are directly proportional to their specific activities, 
provided that the samples are rendered electrical 
conductors by first mixing them with graphite. 

3. The ratio between the observed count rate 
and the specific activity of the compound is not 
significantly affected by the presence of a silver 
atom in the molecule. 

4. Some modifications to the counting technique 
of White et al. (1950), in which tritium is assayed as 
methane gas, are described. 

5. The relative values of gas-counting and solid- 
counting techniques for tritium are discussed. 
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Glutamine: a Nitrogen Source in Urea Synthesis 
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In early studies on the synthesis of urea in the 
mammalian liver the amino groups of the protein 
constituents had been recognized as the nitrogenous 
source of urea, and the action of arginase was 
considered the last step in the synthesis. Krebs & 
Henseleit (1932) showed that the supply of arginine 
was ensured by its continuous resynthesis and that 
the latter was catalysed by the ornithine-citrulline 
cycle. However, the details of the partial reactions 
in this cyclic scheme are still under investigation, 
and in particular the link between the latter and 
the amino acid source awaits a full explanation. 
According to Bach (1939), direct participation of 
aminodicarboxylic acids in the urea-synthesizing 
mechanism occurs without the liberation of free 
ammonia. Glutamine amide nitrogen was con- 
sidered to represent a direct source of urea nitrogen 
and a mechanism was suggested for its resynthesis 
to allow the continuous yield of urea. The author’s 
views were inspired by the observation of Leuthardt 
(1938a) that urea synthesis can take place from 
glutamine in guinea-pig liver in the presence or 
absence of ammonia. Later, the special significance 
of the aminodicarboxylic acids in urea synthesis 
became apparent when Cohen & Hayano (1948) 
attributed to glutamic acid an essential role in the 
formation of citrulline, and when aspartic acid was 
found by Ratner & Pappas (1949) to participate in 
the synthesis of arginine. However, in the first 
step of urea synthesis, glutamic acid, or its N-acyl 
derivatives, were thought to act as catalysts rather 
than as sources of urea nitrogen and the presence of 
ammonia was still considered necessary to initiate 
the ornithine cycle (Grisolia, Burris & Cohen, 1952). 

It is this initial step in the synthesis of urea that 
forms the subject of this work. The role of intact 
glutamine as the source of urea nitrogen was in- 
vestigated and evidence was obtained that hydro- 
lysis of glutamine is not a prerequisite for its partici- 
pation in urea synthesis. The earlier work of 
Leuthardt (1938a, b; 1940), Leuthardt & Glasson 
(1942, 1944) and Leuthardt, Miiller & Nielson (1949) 
supported this concept. The importance of intact 
glutamine as the principal nitrogen donor for urea is 
also borne out by the work of Kamin & Handler 
(1951), who observed in experiments in vivo that 
glutamine and arginine caused by far the greatest 
urinary output of urea, glutamine being the more 
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effective of the two. The results of Hirs & Rittenberg 
(1950), which were not obtained under conditions 
comparable with those in the experiments reported 
here, could not be confirmed in the present work. 
These authors observed only a small utilization of 
the amide nitrogen of glutamine for urea synthesis, 
but evidence has now been obtained that the urea 
nitrogen can be entirely accounted for by an equal 
utilization of the two nitrogenous groups of glut- 
amine (Bach & Smith, 1955). Observations made in 
this work justify the suggestion that this utilization 
may be made possible through a reaction of these 
nitrogenous groups with bicarbonate. 


METHODS 


Animals. Albino rats 5-7 months old (200-300 g.) were 
fed on rat cake supplied by the Aberdeen Flour Millers; the 
composition was that recommended by Parkes (1946). 

Tissue slices. The rats were killed by a sharp blow on the 
neck, the liver was removed rapidly and sliced into 200 mg. 
batches immediately. Each batch was suspended in three 
changes of 15 ml. of 0-9% NaCl for 3 min. After the last 
washing each 200 mg. of slices was drained and transferred 
to a Warburg vessel which contained 4 ml. of the incubation 
mixture. When Krebs bottles were used, as in the experi- 
ments shown in Tables 3 and 4, 1-2 g. of slices were sus- 
pended in 24 ml. of incubation mixture. For comparison all 
results are referred to incubation mixtures of 4 ml. con- 
taining 200 mg. of slices. 

Tissue homogenates. The washed liver slices were trans- 
ferred to a Potter homogenizer and homogenized with a 
minimal amount of Ringer solution (see below), after which 
more Ringer solution was added so that 1 ml. of the homo- 
genate contained 200 mg. of tissue. A volume of the homo- 
genate (1 ml. or 6 ml.) was then transferred to Warburg 
vessels or Krebs bottles, respectively. 

Incubation. The Warburg flasks contained 0-4 ml. of 
neutralized substrate solutions which were diluted with 
buffered Ringer solution to 4 ml. and subsequently gassed 
for 10 min. with an O,+CO, mixture (except when bi- 
carbonate was absent from the buffer solution). When Krebs 
bottles were used the quantities were proportionately 
increased for a total volume of 24 ml. The vessels were 
shaken at 38° for 90 min. 

Three types of Ringer solution were used : (a) Bicarbonate— 
Ringer according to Krebs & Henseleit (1932). (6) Amino- 
trishydroxymethylmethane (tris)-Ringer, in which the 
bicarbonate component of the Krebs-Ringer solution was 
replaced by 12 parts of 0-1 acidified tris solution so that 
the pH of the final mixture was 7-4. (c) Tris—bicarbonate 
Ringer, which consisted of 121 ml. of tris—Ringer to which 
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9 ml. ofa solution containing 0-273 g. of NaHCO, was added. 
Solutions (a) and (c) were equilibrated with a gas mixture 
containing O, +CO, (95:5, v/v) for 40 min. at room temp. 
before placing them in the Warburg vessel. The complete 
incubation mixture was regassed at 38° for 10 min. pre- 
ceding the experimental period. 

Reagents. t-Glutamine and L-glutamic acid were supplied 
by L. Light and Co. Ltd. The purity of the glutamine with 
respect to amide N was found to be 92% as determined by 
acid hydrolysis or by the decarboxylase method of Krebs 
(1948). With respect to the glutamic acid moiety the purity 
was 98%. By inference the main impurity would seem to 
be glutamic acid. The absence of arginine was verified by 
incubation of the glutamine solution with a purified arginase 
solution, followed by urea estimation. 


Estimation of nitrogenous compounds 


Urea. The manometric method of Krebs & Henseleit 
(1932) was used. In the experiments where urea was the 
only metabolite to be estimated the acetate buffer was 
added to the Warburg vessel containing the tissue sus- 
pension at the end of the incubation period, and then the 
estimation of urea CO, by the urease method was carried out. 
When other metabolites were estimated as well, Krebs 
bottles were used for the incubation, and 3 ml. portions of 
the suspension fluid were removed for urea estimation. The 
values for urea initially present in the washed slices before 
incubation were estimated on several occasions and found to 
be negligible. 

Ammonia. This was estimated on 2 ml. portions of the 
incubation mixture (except in the experiments shown in 
Tables 1 and 2 where the estimation was on 1 ml. portions) 
by the method of Parnas & Heller (1924); 0-01N-HCl was 
used in the receiving vessel, and 0-01 N-NaOH was used for 
the titration. 

Amide nitrogen. This was estimated by acid hydrolysis. 
The results were checked on various occasions by enzymic 
hydrolysis (Krebs, 1948) and a good agreement was found 
between the results of the two methods. For the acid 
hydrolysis 1-5 ml. portions of the incubation mixture were 
deproteinized with 5% of trichloroacetic acid (final concen- 
tration). The protein precipitate was washed twice with 5% 
trichloroacetic acid and the washings were added to the 
protein-free solution. This was hydrolysed by boiling on a 
water bath for 5 min. with 2N-H,SO, (final concentration), 
and the ammonia liberated was distilled in the Markham 
(1942) apparatus and estimated by titration. 

a-Amino nitrogen in the presence of glutamine. The 
disappearance of amino N in an incubation mixture con- 
taining glutamine was determined from the difference 
between the amino N content of a mixture incubated in 
absence Of glutamine to which glutamine was added at the 
end of the incubation period, and one in which the same 
amount of glutamine had been added at the beginning of 
the incubation period. 

Recovery experiments with glutamine were carried out 
both in the presence and absence of liver slices. In the latter 
case the solutions containing glutamine and bicarbonate— 
Ringer were treated as described below, the urease and 
deproteinization treatments being omitted. In this case the 
recovery of glutamine amino N amounted to 101 and 104%, 
allowance being made for the purity of the material. For 
the recovery experiments in the presence of tissue, the 
amino N content of a mixture that had been incubated with 
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200 mg. of liver slices and to which glutamine had been 
added at the end of the incubation period, was compared 
with a mixture incubated with 200 mg. of slices without 
further addition of glutamine. The treatment of the mixtures 
was the same as described below, and the recovery obtained 
was 97%. 

The procedure for the metabolic experiments was as 
follows: two batches of 800 mg. of slices were incubated, one 
with bicarbonate—Ringer and the other with bicarbonate- 
Ringer plus glutamine, the total volume in each being 
16 ml. To part of the first batch, glutamine was added after 
incubation in the same concentration as in the second batch. 
Several 4 ml. portions from the three mixtures were trans- 
ferred to Warburg flasks, where, after urease treatment, urea 
was estimated and at the same time removed. The urea-free 
solutions were deproteinized with trichloroacetic acid as 
described above and the protein-free solutions were sub- 
jected to acid hydrolysis with 2 N-H,SO, (final concentration) 
for an hour. The hydrolysates were adjusted to pH 10 with 
8n-NaOH and the ammonia was removed by distillation in 
vacuo at 40°; distillation was continued until the volume was 
approximately 10 ml. The protein-free solutions, which now 
contained glutamine as glutamic acid, were acidified with 
acetic acid and made up to 25 ml. Portions (5 ml.) were 
taken for the estimation of amino N according to the method 
of Peters & Van Slyke (1932). The removal of the amide 
group, urea and ammonia was necessary since these three 
components would otherwise have reacted with the nitrous 
acid used in the subsequent treatment. The period of 
hydrolysis of the amide group was prolonged to 1 hr. to 
avoid formation of pyrrolidonecarboxylic acid (Hamilton, 
1945). 

Glutamic acid. The glutamic acid moiety of glutamine and 
glutamic acid was estimated by a slightly modified method 
of Krebs (1948). A preparation of the decarboxylase from 
Clostridium welchii SR 12 was prepared as described by Gale 
(1945) and was subsequently freeze-dried. Portions (4 ml.) 
of the incubation mixtures were diluted to 25 ml. and 
estimations carried out on 4 ml. portions of these solutions in 
Warburg flasks. A volume (0-5 ml.) of Cetavlon (cetyltri- 
methylammonium bromide)-acetate buffer (4 ml. of 1-5m 
acetate buffer, pH 4-9, 2 ml. of 1% Cetavlon) was added to 
the main compartment of each flask. Into the side bulb 
0-5 ml. of enzyme suspension (100 mg. of freeze-dried 
enzyme preparation, 3-6 ml. of water, 0-4 ml. of 15M 
acetate buffer, pH 4-9) was introduced. The vessels were 
shaken at 30°, and the CO, evolution was measured. 


Paper chromatography 


Liver slices were incubated as described, with and without 
ammonium chloride, the volumes being 8 and 4 ml. re- 
spectively. After incubation the mixtures were transferred 
to centrifuge tubes and deproteinized with 0-25 vol. of a 
solution of colloidal iron hydroxide containing 5% of 
Fe,0,. After centrifuging, the ammonia-containing mixture 
was diluted with water to 20 ml., of which 10 ml. was 
desalted as follows: The mixture was allowed to permeate 
an Amberlite IR 120 (H) cation-exchange column, 15 cm. 
long with a diameter of 1 cm., at a rate of 1 drop/5 sec. The 
column was then washed with about 50 ml. of water to 
ensure complete removal of anions, and the amino acids 
were finally eluted with n-NH, soln. at a rate of approxi- 
mately 2 drops/5 sec.; 50 ml. of eluate was collected. The 
ammonia-free mixture was desalted similarly. The second 
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10 ml. portion of the deproteinized ammonia-containing 
mixture was hydrolysed by boiling with 2N-HCl (final con- 
centration) and then desalted. The three desalted mixtures 
were evaporated to dryness in vacuo at a temperature not 
exceeding 40°; the residues were taken up in 1 ml. of water. 
The three concentrated desalted solutions were filtered and 
7pl. portions of each mixture were applied to Whatman 
no. 1 chromatography paper for two-dimensional paper 
chromatography in phenol—water (in presence of HCN and 
NH,) and in n-butanol—acetic acid—water (250: 60:250, by 
vol.). The papers were dried at 50°, sprayed with 2% of 
ninhydrin in water-saturated n-butanol and left for another 
hour at 60°. 


Radioautography of incubation mixtures in 
presence of NaH4CO, 


The incubation was carried out in several Warburg flasks, 
each containing 200 mg. of washed liver slices, 3-1 ml. of 
bicarbonate—Ringer, 0-4 ml. of 0-206 glutamine and in the 
side bulb 0-5 ml. of a solution of NaH™CO, containing 
1:18 mg. of bicarbonate with a radioactivity of 21-5 yc. 
After equilibration the contents of the side bulbs were 
tipped and the side bulbs washed out with the incubation 
mixturé. After incubation the contents of the flasks were 
combined and subjected to paper chromatography as 
described in the section above. Before spraying, the two- 
dimensional chromatograms were placed in X-ray cassettes 
and exposed to either Ilfex X-ray paper or Kodak Blue 
Brand X-ray film. The films were developed, in some cases 
after 3 days and in others after 23 days. After the exposure 
the papers were sprayed with ninhydrin or with p-dimethyl- 
aminobenzaldehyde reagent (as used by Partridge (1948) 
for the detection of hexosamines) to locate the deposition of 
glutamine and urea, respectively, for comparison with the 
exposed films. 


RESULTS 
Ammonia and glutamine in urea synthesis 


In a series of approximately 200 experiments with 
washed liver slices from fed rats, urea synthesis from 
ammonium chloride was compared with that from 
glutamine at various substrate concentrations. 
Except for concentrations below 0-01M, a consider- 
ably faster rate of urea synthesis from glutamine 
than from ammonium chloride was observed 
(Fig. 1). The figure also demonstrates a close pro- 
portionality between the concentration of glutamine 
and the rate of urea synthesis. The positions of the 
lines in Fig. 1 were calculated as those best fitting 
the scatter of points. 

The results with glutamine and with ammonia 
indicate that at higher substrate concentrations 
glutamine was more effective than ammonia and 
that the former possibly represented the more 
direct source of urea (see Discussion). It has been 
suggested (Krebs, 1942) that the intracellular effect 
of glutamine on urea synthesis is due to the libera- 
tion of ammonia and glutamic acid by glutaminase 
action. Therefore, further experiments were under- 
taken to determine the role of glutaminase in urea 
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synthesis. There is little activity of this enzyme in 
the liver with low substrate concentrations, as 
demonstrated in cell-free extracts (Greenstein & 
Leuthardt, 1948; Greenstein & Price, 1949) and in 
the intact liver (Kamin & Handler, 1951). For a 
study of the enzyme action, experiments with liver 
homogenates were carried out in which a consider- 
able hydrolysis of glutamine was observed when it 
was added at higher concentrations (Table 1). By 
analogy with the observations made by Hughes 
& Williamson (1952) in their experiments with 
Clostridium welchii, it was found that liver glut- 
aminase was strongly inhibited by bromocresol 
purple and bromocresol green. Further, in con- 
firmation of the experiments of Greenstein & 
Leuthardt (1948) with liver homogenates, the 
enzyme was shown to be strongly activated when 
pyruvate was added in sufficiently high concentra- 
tions (Table 2). When in further experiments bromo- 
cresol purple or bromocresol green was added to 
liver slices in the presence of glutamine, urea 
synthesis proved to be unaffected by the presence of 
the inhibitors (Table 1). That the liver cells were 
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Fig. 1. Effect of ammonium chloride and glutamine on 


urea synthesis in rat-liver slices. O, Ammonium chloride; 
@, glutamine; incubation time, 90 min.; 200 mg. of slices 
in bicarbonate—-Ringer; total volume, 4 ml. Vertical 
lines represent the standard deviation of 25 experiments 
with ammonium chloride (A) and 95 experiments with 
glutamine (B). 
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permeable to the inhibitors to some degree was 
verified by microtome sections of the tissue after 
incubation. From the observations recorded in 
Table 1, it is concluded that glutaminase does not 
participate in urea synthesis. On the contrary, 
when the hydrolysis of glutamine is enforced by a 
strong activation of the enzyme (Table 2), the 
synthesizing mechanism is grossly impaired. 


Table 1. Effect of sulphophthaleins on the deamida- 
tion of glutamine in homogenates and on urea 
synthesis in slices 


Liver tissue, 200 mg.; bicarbonate—Ringer; total volume, 





4ml. Figures in parentheses represent percentage de- 
amidation. 
Bromocresol Bromocresol Ammonia N 
Glutamine purple green formed 
(10-?m) (10-4m) (10-4) (ug-) 
Homogenates 
0-35 —_ _— 9 (4) 
1-38 — vom 92 (13) 
1-73 = — 234 (26) 
1-73 3-71 97 (11) 
1-73 -- 6-5 80 (9) 
2-06 ee on 526 (51) 
2-06 7-4 — 108 (10) 
2-06 _ 3-25 103 (10) 
2-76 -= — 824 (58) 
Slices Urea N 
formed 
(u8-) 
1-73 — — 230 
1-73 3-71 —- 272 
2-06 — — 284 
2-06 7:4 a 265 
2-06 — 6-5 254 
2-76 _- — 326 
2-76 3-71 — 314 


Table 2. Effect of pyruvate on the deamidation of 
glutamine in homogenates and on urea synthesis in 
slices 


Liver tissue, 200 mg.; bicarbonate-Ringer; total volume, 
4 mil. 





Sodium Ammonia N 
Glutamine pyruvate formed 
(10-*m) (10-*m) (ug-) 
Homogenates 
0-34 -= 0 
0-34 1-03 63 
1-73 234 
1-73 5-12 456 
2-06 -—- 496 
2-06 6-18 670 
2-74 — 936 
2-74 8-23 1124 
Slices Mcoa 
formed 
(#8-) 
2-06 on 289 + 24-9* 
2-06 6-18 77+8-4* 


* Mean of thirteen experiments. 
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isoGlutamine. In preliminary liver-slice experi- 
ments carried out with the small amounts of iso- 
glutamine available, the observation was made that 
zsoglutamine promoted urea synthesis to a much 
greater extent than glutamine. After incubation for 
90 min. at 37° and at a substrate concentration 
of 3-4x10-%m the synthesis from zsoglutamine 
amounted to 199 and 171 yg. as compared with 89 
and 59yg. from glutamine. From this it seems 
possible that isoglutamine rather than glutamine 
may represent the more direct source of urea nitro- 
gen, a hypothesis which is referred to below. 


Synthesis of glutamine from ammonium chloride 


While it appears from the experiments described 
above that intact glutamine, as distinct from 
ammonium glutamate, represents the principal 
substrate for the synthesis of urea, there is also no 
doubt that urea formation can occur to some extent 
from ammonia alone. This could be due to a tran- 
sitory synthesis of glutamine from added ammonium 
salts and tissue glutamic acid. For the purpose of 
investigation ammonium chloride (5-6 x 10-Mm) was 
added to washed liver slices and the mixture was 
subjected to paper chromatography. A notable 
amount of glutamine was detected in the mixture 
after incubation. No glutamine could be detected 
when the tissue was incubated in the absence of 
ammonium chloride. When the same mixture after 
incubation with ammonium chloride was hydrolysed 
with 2N-HCl for 5min. paper chromatography 
revealed no trace of glutamine and a considerable 
increase in the amount of glutamic acid. The position 
of the other ninhydrin-reacting substances on the 
paper chromatogram remained unchanged. 


Role of bicarbonate in urea synthesis 
from glutamine 


Experiments with NaH'4CO,. It has been known 
for some time that bicarbonate carbon represents 
the source of urea carbon (Rittenberg & Waelsch, 
1940; Evans & Slotin, 1940; Mackenzie & du 
Vigneaud, 1948). Confirmation of this was obtained 
in experiments carried out in this work when 
NaHCO, was incubated with liver slices in the 
presence of glutamine. After the glutamine and 
urea components of the experimental mixture had 
been separated by paper chromatography, the 
compounds were tested for the presence of radio- 
active carbon by radioautography. Although no 
activity could be detected in the glutamine, the 
urea was found to be radioactive. This result 


eliminated the possibility that bicarbonate acted as 
a carbon source of urea after its incorporation into 
the glutamine molecule. The effect of glutamine on 
urea synthesis must therefore be due to its nitro- 
genous groups (see Discussion). 
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Effect of bicarbonate on the utilization of glutamine. 
When glutamine is incubated with liver slices in the 
presence of bicarbonate—Ringer a notable part of the 
amide nitrogen and of the glutamic acid moiety, 
as determined by the decarboxylase method, is 
utilized during the synthesis of urea. On the other 
hand, in the absence of added bicarbonate there is 
very little disappearance of either of the two 
glutamine components (Table 3). These findings 
show that the utilization of glutamine for urea 
synthesis occurs simultaneously with that of 
bicarbonate and possibly suggest a reaction of the 
latter with both the amide group and the glutamic 
acid moiety. For, in the absence of bicarbonate the 
amide group as well as the amino group of glutamine 
remains intact. 


Contribution of amide nitrogen and amino nitrogen 
of glutamine to urea nitrogen 


Liver slices were incubated with glutamine and 
amide nitrogen; ammonia nitrogen, urea nitrogen 
as well as glutamic acid were determined before and 
after incubation. Again it will be seen from these 
experiments, recorded in Table 4, that a significant 
proportion of the amide nitrogen and of the glutamic 





Table 3. Utilization of glutamine during incubation 
with liver slices in the presence and absence of 
bicarbonate 
Liver slices, 1200 mg.; tris—Ringer, pH 7-4; glutamine 

concentration, 2-06 x 10-?m; total volume, 24 ml. Results 

are calculated for 4 ml. of incubation mixture. 


In presence In absence 


of HCO; = of HCOs” 
(g-) (#g-) 
Utilization of amide N 160 49 
Utilization of glutamic acid 145 25 
moiety (expressed as amino N) 
Urea N formation 320 27 
Ammonia N formation 25 28 
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acid moiety originally present was utilized during 
the reaction. 

However, the disappearance of the glutamic acid 
moiety, as ascertained by the method of bacterial 
decarboxylation, gives no indication as to the nature 
of the group or groups within the molecule which 
may have reacted during incubation with liver 
slices. Therefore an attempt was made to estimate 
the change in «-amino groups during the experi- 
mental period. Special precautions were taken to 
prevent the formation of pyrrolidonecarboxylic acid 
from glutamine during the estimation, and to 
remove nitrogenous compounds other than amino 
acids which could interfere with the Van Slyke 
method. It will be seen from Table 4 that the 
disappearance of amino nitrogen was of the same 
order of magnitude as that of the disappearance of 
the intact glutamic acid moiety. This suggests that 
the changes observed with the decarboxylase 
method are due to, or paralleled by, the utilization 
of the «-amino groups during the synthesis of urea. 

A comparison of the disappearance of glutamic 
acid or of the «-amino nitrogen with that of the 
amide nitrogen reveals that the contribution of the 
two nitrogenous groups of glutamine was approxi- 
mately equal, and further, that the utilization of 
these two groups was accounted for by the formation 
of urea nitrogen. For, when the amount of nitrogen 
utilized is corrected for the small quantities of 
ammonia found in the mixture after incubation, the 
quotient glutamine nitrogen utilized/urea nitrogen 
synthesized approaches unity. 


DISCUSSION 
Effect of glutamine and ammonia on synthesis of urea 


The results of numerous experiments in this work 
demonstrate that, except at very low substrate 
concentrations, the rate of urea formation from 


Table 4. Nitrogen balance in urea synthesis from glutamine in liver slices 


Liver slices, 1200 mg.; bicarbonate—Ringer; glutamine concentration, 10-? x 2-06M; total volume, 24 ml. Results are 


calculated for 4 ml. of incubation mixture. 


Change in Change in Change in Change in 
amide N ammonia N amino N urea N 
(ug.) (ug-) (ug-) (ug-) (e+e)-6 
(a) (5) (c) (d) 
— 212 +60 — 185* +308 1-09 
— 134 +42 — 174* +222 1-20 
— 160 +25 — 145* +320 0-88 
— 192 +35 — 125* +284 0-99 
-191 +51 — 168* +245 1-26 
—180 +50 —_— +253 —_ 
— — — 145+ +300 — 
Average —178 -159 1-08 


* Estimated by the decarboxylase method and expressed as amino N. 
+ Estimated as amino N. 
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glutamine in liver slices was much faster than that 
from ammonium chloride (Fig. 1). Moreover, the 
rate of urea synthesis from glutamine was directly 
proportional to the substrate concentration, whereas 
with ammonia the rate declined when higher con- 
centrations were used (Fig. 1). Thus there is evidence 
for the greater efficiency and for the more direct 
action of glutamine as compared with ammonia. 
The higher efficiency of ammonia compared with 
glutamine at very low concentrations could be 
explained by the presumably faster rate of diffusion 
of ammonium ions into the cell. Since, as discussed 
below, urea formation from ammonia may be due to 
glutamine synthesis, it can be argued that at low 
substrate concentrations more glutamine can arise 
in the cells through synthesis from ammonia than 
through the diffusion of extracellular ghutamine. 
At higher ammonia concentrations the synthesis of 
glutamine may become the limiting factor, which 
would lead to a ‘plateau’ in the rate of synthesis. 
Such an explanation would be compatible with the 
results shown in Fig. 1. 

Ammonium glutamate. The effect of glutamine on 
urea synthesis has been explained by the hydrolysis 
of glutamine to glutamic acid and ammonia in the 

iver cell (Krebs, 1942). It is difficult to obtain 
direct proof for this hypothesis through experiments 
with liver slices, in which urea synthesis from 
glutamic acid and ammonia is compared with that 
from glutamine, for it is known that the diffusion of 
glutamic acid into liver cells is very slow or even 
negligible (Cohen & Hayano, 1946; Schwerin, 
Benman & Waelsch, 1950; Kamin & Handler, 
1951). It may be argued from a different aspect that 
if the liberation of ammonia from glutamine were 
a prerequisite for urea synthesis then, in view of the 
very considerable production of urea in the liver, at 
least some accumulation of ammonia would be 
expected. However, only relatively small amounts 
of free ammonia are found in the incubation 
mixtures after urea synthesis, as seen from the 
experiments of Table 4. Similar observations have 
been made by other workers (Leuthardt, 19384, 6, 
1940). In considering this evidence as well as the 
high rate of utilization of glutamine, Leuthardt & 
Glasson (1944) came to the conclusion that hydro- 
lysis of glutamine to ammonia could not have 
occurred during the synthesis. Moreover, it has been 
accepted by many that any formation of free 
ammonia, even as a result of the deamination of 
amino acids, is improbable, and this concept is well 
supported by the experiments in vivo of Kamin & 
Handler (1951). If the opposite view taken, 


namely that the deamidation of glutamine should 
precede urea synthesis, an inhibition of glutamin- 
ase should prevent urea formation and an activa- 
tion should enhance it. As seen from Tables 1 and 2, 
urea synthesis was unaffected when glutaminase 
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was inhibited, and a strong suppression was ob- 
served when the enzyme was activated by pyruvate. 
The interpretation of the inhibitory effect of 
pyruvate on urea synthesis is, however, not without 
difficulty since pyruvate also acts as a strong 
acceptor of the amino group of glutamine (Meister & 
Tice, 1950). Part of the suppressing effect on urea 
synthesis could therefore be due to a deprivation of 
“%-amino nitrogen, since this is equally concerned in 
urea formation, as seen in the experiments of 
Table 4. 


Synthesis of glutamine from ammonia 


It has already been suggested that the effect of 
ammonia on urea synthesis depended upon glut- 
amine formation. This concept, which has been 
upheld also by other workers (Leuthardt & Glasson, 
1944; Leuthardt, Miiller & Nielson, 1948; Kamin & 
Handler, 1951), gains probability by the finding of 
notable quantities of glutamine in the incubation 
mixture to which ammonium salts had been added. 
The glutamic acid required for the synthesis of 
glutamine could well arise by endogenous synthesis, 
an indication of whichis the relatively high glutamic- 
acid content of the liver [0-6 mg./g. of fresh tissue 
(Awapara, 1949)]. If glutamine can thus be re- 
garded as a direct source of urea nitrogen, it is not 
surprising that when the organism is deprived of 
glutamine through the administration of phenyl- 
acetic acid, which is followed by excretion of phenyl- 
acetylglutamine, urea formation is greatly reduced 
(Shiple & Sherwin, 1922). 


Contribution of amide and amino nitrogen 
to synthesis of urea 


One of the principal findings in this work was the 
apparently equal contribution of amino nitrogen 
and amide nitrogen of glutamine to the formation 
of urea. This relationship was shown in balance 
experiments (Table 4) where the disappearance of 
amide nitrogen and of amino nitrogen or of the 
glutamic acid moiety were determined side by side 
with the appearance of urea and ammonia. More 
urea nitrogen was formed than could be accounted 
for by the disappearance of the former two fractions; 
the excess disappearance of nitrogen was of approxi- 
mately the same order as the small amount of 
ammonia which was found in the mixture after the 
incubation. Since this appearance of ammonia was 
unaffected by conditions which suppress urea 
synthesis, as for instance by the absence of bi- 
carbonate (Table 3), it appears to be unconnected 
with the urea-synthesizing mechanism. 


The carbon source of urea 


Since the pioneer experiments of Krebs & 
Henseleit (1932) bicarbonate has been accepted as 
the source of urea carbon. During the course of the 
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present work the possibility was envisaged that 
bicarbonate carbon could be incorporated into the 
y-position of the glutamine molecule and that the 
peptide-like CO.NH, group could, through group- 
transfer, be incorporated into the urea molecule. 
However, on incubation of glutamine in the 
presence of NaHCO, with liver slices, by subse- 
quent isolation of glutamine the latter was found 
to be isotope-free. It appears therefore that the 
contribution of glutamine to urea synthesis is 
limited to that of its nitrogenous groups. 

The.absence of bicarbonate from the incubation 
mixture not only prevented urea formation but also 
impeded to a great extent the utilization of both the 
amide nitrogen and the amino nitrogen. In the 
presence of bicarbonate the amide nitrogen and the 
amino nitrogen of glutamine were utilized. The 
coincidence of these phenomena may find its 
explanation in a reaction of bicarbonate with the 
two nitrogenous groups of glutamine as the first 
step in urea synthesis. 

The possible nature of the product of reaction in 
this step is discussed below. Though it is realized 
that the utilization of the nitrogenous groups of 
glutamine and of bicarbonate could be explained in 
different ways, for instance by transamination or 
transamidation to acceptors which in turn could 
react with bicarbonate, it is not easy to see why the 
occurrence of the two first-named reactions should 
depend on the presence of bicarbonate. 


Ureido compounds as possible intermediates 
in the synthesis of urea 


If a direct reaction between bicarbonate and 
the two nitrogenous groups of glutamine is assumed, 
the transitory formation of a ureido compound 
of type (I) can be envisaged. If, on the other 
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hand, as indicated by the preliminary experi- 
ments mentioned, izsoglutamine (III) takes part 
in the initial reaction in place of glutamine, 
the formation of an analogous ureido compound, 
hydantoinpropionic acid (II), could be envisaged. 
Through a hydrolytic split of the amide linkage 
either of the compounds would be converted into 
carbamylglutamic acid (IV), and an oxidative split 
of the amino linkage in the ureido compounds (I) 
and (II) would give rise to the keto analogues of 
carbamylglutamine and carbamylisoglutamine (V) 
and (VI). 

The significance of carbamylglutamic acid for 
urea synthesis has been brought to light through the 
work of Cohen & Hayano (1948) who, after con- 
firming the promoting effect of formate on the 
synthesizing system previously observed by Bach 
(1939), came to the conclusion that carbamy]l- 
glutamic acid acted as a catalyst in the synthesis of 
citrulline from ornithine (Cohen & Grisolia, 1948; 
Grisolia & Cohen, 1952). 

A concurrent hydrolytic and oxidative split of 
compounds (I) or (II) would lead directly to urea 
formation. Alternatively, one could envisage a 
utilization of the suggested carbamyl compounds 
(IV), (V) or (VI) for the synthesis of citrulline, with 
carbamyl phosphate (Jones, Spector & Lipmann, 
1955) acting as an intermediate. 

A consideration of the metabolism of histidine 
(Borsook & Jeffreys, 1935; Tesar & Rittenberg, 
1947) encourages belief in the occurrence of some 
of the proposed metabolites in urea synthesis, for 
isoglutamine (III) and «-formylisoglutamine (VII) 
(Oyamada, 1944; Abrams & Borsook, 1952), as well 
as the closely related hydantoinpropionic acid (II) 
(Uchida, Itagaki & Wachi, 1952; Matsuda, Itagaki, 
Wachi & Uchida, 1952), were found in incubation 
mixtures during the degradation of histidine. 


CO.NH CO,H CO.H CO,H 
| NG | | | 
CH, Mi CH, CH, CH, 
| CO | | | 
CH, P CH, CH, CH, 
| | | 
CH.NH CH.NH. CH.NH, CH.NH.CO.NH, 
| Deo l 
CO.H CO.NH CcO.NH, CO.H 
(I) (Il) © (ILI) (IV) 
CO.NH.CO.NH, CO.H o-_ 
| | 
CH, CH, CH, 
| | 
CH, CH, CH, 
| | | 
co co CH.NH.CHO 
| | fl 
CO.H CO.NH.CO.NH, CO.NH, 
(V) (VI) (VII) 


Formylisoglutamine 
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The proposed interrelationship of the suggested metabolites is outlined as shown in the scheme below: 


carbamyl compound (V) 


' oxidation 


HCO,” : 
Glutamine - - ------------ — ureido compound (I) 
‘s hydrolysis 
“carbamylglutamic acid (IV) 
a 
HCO,” / hydrolysis 
isoGlutamine (III) - - - — hydantoinpropionic acid (II) 
; oxidation 
carbamyl compound (VI) 
SUMMARY hydrolytic split of the ureides occurred con- 


1. Glutamine and, from the results of prelimin- 
ary experiments, 7soglutamine were found to be far 
more effective nitrogen sources of urea than 
ammonia when incubated with rat-liver slices. 

2. It was shown that the effect of glutamine was 
not due to its hydrolysis to ammonium glutamate. 
Evidence for this view was obtained by experiments 
in which glutaminase action was inhibited in one 
case and activated in another. The inhibition of the 
enzyme had no effect on urea synthesis from glut- 
amine, and activation of glutaminase almost 
completely suppressed urea formation. 

3. The synthesis of urea which is observed when 
ammonium chloride is added to liver slices is 
believed to be due to the intermediary formation of 
glutamine from ammonia and tissue glutamic acid. 
Evidence for a notable glutamine synthesis from 
ammonia during urea formation was obtained by 
paper chromatography. 

4. In the absence of bicarbonate not only was 
urea synthesis suppressed but both the nitrogenous 
groups of glutamine remained intact. In the 
presence of bicarbonate the amide and amino 
nitrogen of glutamine were utilized for urea 
synthesis to approximately the same extent, and the 
whole of the urea nitrogen could be accounted for by 
the disappearance of the two nitrogenous groups 
during the synthesis. Therefore, the following over- 
all reaction is suggested : 


Glutamine amide nitrogen 
+ glutamine amino nitrogen > urea nitrogen. 


5. From the observation stated in (4) it is 
suggested that the first step in the synthesis of 
urea from glutamine may consist of a reaction 
between bicarbonate and the two nitrogenous 
groups of glutamine or isoglutamine, which results in 
the formation of ureido compounds of two types, 
and which through oxidative or hydrolytic fission 
would yield carbamyl compounds. 

6. The carbamy] groups of the above compounds 
may take part in the synthesis of citrulline from 
ornithine. Alternatively, if the oxidative and the 


currently, a direct formation of urea could be 
visualized. 


We wish to thank Dr E. M. Crook for valuable discussions 
during the course of the work and Dr A. C. Chibnall, F.R.S., 
for a gift of isoglutamine. 
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Glutathione Metabolism 
1. THE GLYOXALASE ACTIVITY OF MATURE MAMMALIAN ERYTHROCYTES 


By S. J. KLEBANOFF* 
Department of Pathological Chemistry, University of Toronto, Toronto, Canada 


(Received 1 March 1956) 


The glyoxalase system is frequently used in the 
assay of reduced glutathione and is considered by 
some (Bhattacharya, Robson & Stewart, 1955) to be 
one of the most reliable of the available methods. It 
has been noted on several occasions (Lohmann, 
1932; Platt & Schroeder, 1934; Woodward, 1935) 
that the method is applicable only in the presence of 
relatively low concentrations of glutathione. At 
high glutathione levels, the glyoxalase activity is no 
longer proportional to the glutathione concentra- 
tion. Thus with acetone-dried yeast, Platt & 
Schroeder (1934) observed that a steady increase in 
the glutathione concentration above a critical level 
resulted in a progressively smaller increment in 


. glyoxalase activity until a maximum had been 


reached. Indeed, a further increase in glutathione 


In the course of an investigation carried out in this 
laboratory on factors affecting the oxidation and 
reduction of glutathione in the mammalian ery- 
throcyte, it became evident that in this tissue, also, 
the behaviour of the glyoxalase system in the 
presence of relatively large concentrations of 
glutathione was not easily understandable in terms 
of ordinary enzyme kinetics. Jowett & Quastel 
(1933) were led earlier to a similar conclusion. 
Recently, the glyoxalase system has been shown to 
consist of two distinct enzymes, glyoxalase I, which 
catalyses the formation of an addition compound 
between methylglyoxal (and other glyoxals) and 
glutathione, and glyoxalase II, which catalyses the 
breakdown of the addition compound to form lactic 
acid and glutathione. The addition compound also 


Spontaneous Reatie aiid 
Methylglyoxal Addition compound c : aci 
glutathione Glyoxalase I (D-lactoylglutathione) ~—_____—*"_ glutathione 


concentration beyond the level required to produce 
a maximum glyoxalase activity resulted in a slight 
decrease in activity. These investigators noted 
further that the maximum glyoxalase activity 
produced with optimum glutathione levels was not 
constant for a particular enzyme concentration, but 
was raised still further by an increase in the methyl- 
glyoxal concentration. This latter observation 
suggests that factors which are non-enzymic in 
nature may influence the glyoxalase activity at 
high glutathione concentrations. 


* Medical Research Fellow, National Research Council, 
Canada. 


Glyoxalase \ 
breaks down spontaneously under the influence of 
a number of factors (Racker, 1951; Crook & Law, 
1952). In view of the recent findings, a reinvestiga- 
tion of the conversion of methylglyoxal into lactic 
acid in intact and lysed erythrocytes was under- 
taken. 


EXPERIMENTAL 


Material. Venous blood was freshly drawn from normal 
human subjects, heparinized [1 drop of 1:1000 solution 
of heparin (Connaught Laboratories)/10 ml. blood], the 
plasma and buffy coat were removed by centrifuging, and 
the erythrocytes washed three times with 0-16m-NaCl. 
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After the last washing, saline was added to double the 
packed-cell volume. 

Methylglyoxal was obtained from Bios Laboratories Inc., 
and reduced glutathione from Fisher Scientific Co. 


Determination of glyoxalase activity 
in intact erythrocytes 


The glyoxalase activity of the washed erythrocytes was 
estimated manometrically in Warburg respirometers with 
single side-arm flasks. The principle, as utilized by Lohmann 
(1932), Jowett & Quastel (1933), Platt & Schroeder (1934) 
and many others, depends on the fact that in the presence 
of glyoxalase and reduced glutathione, methylglyoxal is 
quantitatively converted into lactic acid, the formation of 
lactic acid being associated with the release of CO,, which is 
measured manometrically. Unless otherwise stated, the 
glyoxalase activity of intact erythrocytes was estimated in 
the following manner. Into the main compartments of 
duplicate Warburg flasks were placed 0-4 ml. of 0-2m- 
NaHCO,, 0-05 ml. of the erythrocyte preparation and 
0-16 mM-NaCl to a final volume of 2-0 ml. Into the side arm 
was placed 0-2 ml. of 1% methylglyoxal (final concentration 
13-9 x 10-°m). The flasks were gassed at 30° with N, +CO, 
(95:5, v/v) for 10 min., tipped, and the readings taken after 
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0 0-05 0-10 
CO, evolved (j1./20 min.) 
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Fig. 1. Glyoxalase activity of intact erythrocytes; the main 
vessel contained 0-4 ml. of 0-2 mM-NaHCO,, 0-025-0-15 ml. 
of the erythrocyte preparation as indicated, and 0-16m- 
NaCl in a final volume of 2-0 ml. The side arm contained 
0-2 ml. of 1% methylglyoxal. 
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an open period of 2 min. The temperature of the bath was 
maintained at 30°, and the rate of shaking at 120/min. 

The activity of the enzyme was found to be unaffected by 
variations in sodium bicarbonate concentration from 20 to 
60 x 10-8, despite a variation in initial pH from 7-4 to 7-9. 
Similarly, variation in the methylglyoxal concentration 
from 6-7 to 20-1 x 10-*m had no significant effect on the 
glyoxalase activity under the conditions employed. The 
reaction continued at a steady rate until approximately 
80-85 % of the methylglyoxal was destroyed. The further 
addition of glutathione, at concentrations varying from 
0-95 to 7-6 x 10-8, did not alter the glyoxalase activity of 
the intact cells. The effect of varying the erythrocyte con- 
centration on the evolution of CO, is shown in Fig. 1. 
Increasing the volume of the erythrocyte preparation from 
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Fig. 2. Effect of glutathione concentration on the gly- 
oxalase activity of lysed erythrocytes; the main vessel 
contained 0-4 ml. of 0-2m-NaHCO,, glutathione in con- 
centrations ranging from 0-0 to 4-75 x 10-8, and 0-05 ml. 
of the erythrocyte preparation. The side arm contained 
0-2 ml. of 1% methylglyoxal. In one flask (O- -- -O), 
0-16 M-NaCl was added to a final volume of 2-00 ml., thus 
preventing haemolysis, and in the remainder (O—O) the 
volume was made up with water. 
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Table 1. Maximum CO, output by lysed erythrocytes 
and the required glutathione concentration at 
various methylglyoxal levels 


The main vessel contained 0-4 ml. of 0-2m-NaHCO,, 
0-05 ml. of the erythrocyte preparation and water to a 
final volume of 2-0 ml. Methylglyoxal was added to the 
side arm. The glutathione concentration in the main vessel 
was increased until a maximum CO, output was obtained. 

Glutathione 
concen. at 


Maximum maximum CO, 
Methylglyoxal CO, output output 
; (mm) (ul./20 min.) (mm) 
6-7 231 1-2 
13-4 270 1-9 
26-8 315 2-85 
33°5 340 4-75 


%-025 to 0-10 ml. resulted in a linear increase in the gly- 
oxalase activity. Increasing the enzyme concentration 
beyond this point, however, did not increase the activity 
to the extent expected if a linear relationship were to hold. 
Thus the assay of the glyoxalase activity of intact erythro- 
cytes as described would appear to be accurate for enzyme- 
coenzyme concentrations supplied by 0-025-0-10 ml. of the 
erythrocyte preparation. 


Determination of glyoxalase activity 
in lysed erythrocytes 


Jowett & Quastel (1933) noted that lysis of the erythro- 
cytes results in an almost complete loss of glyoxalase 
activity and that the addition of glutathione to the lysed 
preparation leads to a return of activity. In the present 
study, lysis of the erythrocytes was produced by substi- 
tuting water for saline in the manometer flask. 

Effect of glutathione concentration. The effect of the addi- 
tion of glutathione on the evolution of CO, by lysed erythro- 
cytes is shown in Fig. 2. As the glutathione concentration is 
increased to high values, the rate of CO, output increases to 
a level considerably greater than that of the intact ery- 
throcytes. However, the level of the maximum CO, output 
and the concentration of glutathione required to produce 
this maximum are not constant for a particular enzyme 
concentration but increase as the methylglyoxal concentra- 
tion is increased (Table 1). 

Effect of methylglyoxal concentration. The effect of in- 
creasing methylglyoxal concentrations on the glyoxalase 
activity in lysed erythrocytes is dependent on the gluta- 
thione level (Fig. 3). At glutathione levels greater than 
2-85 x 10-*m an increase in the methylglyoxal concentra- 
tion from 6-7 to 33-5 x 10-* resulted in an Increase in the 
evolution of CO,. At glutathione levels below 0-47 x 10-*M, 
however, a similar increase in the methylglyoxal concentra- 
tion resulted in a decrease in the CO, output. At inter- 
mediate glutathione concentrations (0-47—2-8 x 10-*m), the 
evolution of CO, was either unaffected or slightly stimulated 
by an increase in the methylglyoxal concentration at 
relatively low levels, and an inhibition of activity occurred 
as the methylglyoxal concentration was increased further. 

Effect of sodium bicarbonate concentration. The effect of the 
sodium bicarbonate concentration on the evolution of CO, 
by lysed erythrocytes is shown in Table 2. At a low gluta- 
thione concentration (0-47 x 10-°m), the evolution of CO, 
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was independent of the sodium bicarbonate concentration 
in the range 20-60 x 10-*m-NaHCO,. However, at a 
relatively high glutathione concentration (5-7 x 10-*m) a 
similar increase in the sodium bicarbonate concentration 
resulted in a distinct increase in the CO, output. The initial 
pH of the reaction mixtures as determined according to 
Umbreit (1947) is indicated. 


Glutathione 
concn. 


(x 1073 Mm) 
5:7 


400, 


360 
47 


320 
38 


2:85 


160 


CO) evolved (t1./20 min.) 
NR 
} 
So 


H\S\ 


120 


80 


40 





0 10 20 30 40 
Methylglyoxal concn. ( x 10-3M) 


Fig. 3. Effect of methylglyoxal concentration on the 
glyoxalase activity of lysed erythrocytes; the main vessel 
contained 0-4 ml. of 0-2mM-NaHCO,, glutathione in con- 
centrations ranging from 0-23 to 5-7 x 10-*m, 0-05 ml. of 
the erythrocyte preparation, and water to a final volume 
of 2-0 ml. 


Table 2. Effect of sodium bicarbonate concentration 
on the glyoxalase activity in lysed erythrocytes 
The main vessel contained 0-05 ml. of the erythrocyte 


preparation and water to a final volume of 2-0 ml. The side 
arm contained 0-2 ml. of 1% methylglyoxal. 


Sodium Evolution 
bicarbonate Glutathione Initial of CO, 
(mM) (mM) pH (pl./20 min.) 
20 0-47 7-4 120 
40 0-47 77 120 
60 0-47 79 120 
20 5-7 7-4 234 
40 5-7 7-7 279 
60 5-7 7-9 311 
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Effect of enzyme concentration. The effect of varying the 
enzyme concentration on the evolution of CO, is shown in 
Fig. 4. At the low glutathione concentration of 0-47 x 10-°m, 
an increase in the erythrocyte preparation from 0-0125 to 
0-15 ml. resulted in a linear increase of the CO, output. 
However, at the high glutathione concentration of 
5:7 x 10-8, a straight-line relationship between enzyme 
concentration and the CO, output was not observed. The 
glyoxalase system is less active at the higher concentrations 
than expected on the basis of a linear relationship. 


Inhibition of the glyoxalase activity of lysed 
erythrocytes by methylglyoxal 


The observation that, at low glutathione levels, an increase 
in the methylglyoxal concentration leads to a decrease in 
CO, output (Fig. 3) suggests that under certain conditions 
methylglyoxal may exert an inhibitory effect on the gly- 
oxalase system. This is supported by the following experi- 
ment. Methylglyoxal was pre-incubated in the absence of 
glutathione with lysed erythrocytes in the main compart- 
ment of duplicate Warburg flasks for periods varying from 


Glutathione 
concn. 
(x1073 M) 
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- 
540 i 
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E 0-47 
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2 
re 240 
O 
U 
180 
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60 
0 0-05 0-10 0-15 


Erythrocyte preparation (ml.) 


Fig. 4. Effect of erythrocyte concentration on the gly- 
oxalase activity of lysed cells; the main vessel contained 
0-4 ml. of 0-2mM-NaHCO,, glutathione at two concentra- 
tions, 0-47 x 10-°m and 4-7 x 10-%M, and water to a final 
volume of 2-0 ml. The volume of the erythrocyte pre- 
paration varied from 0-0125 to 0-15 ml.; the side arm 
contained 0-2 ml. of 1% methylglyoxal. 
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30 to 120 min. Under these conditions there is a negligible 
conversion of methylglyoxal into lactic acid (see Fig. 2) 
and we may, therefore, assume that the concentration of 
methylglyoxal remained largely unchanged. The subse- 
quent addition of glutathione from the side arm reconsti- 
tutes the glyoxalase system. The resultant evolution of CO, 
was compared with that in the control flasks which con- 
tained both methylglyoxal and glutathione together (in the 
side arm) during the pre-incubation period. As can be seen 
from Fig. 5, the glyoxalase activity of the lysed erythro- 
cytes in the control flasks was not significantly affected by 
pre-incubation for periods varying from 30 to 120 min. 
However, a considerable decrease in glyoxalase activity 
resulted from the pre-incubation of the lysed erythrocytes 
with methylglyoxal for a 30 min. period in the absence of 
added glutathione, with a further decrease in activity 
resulting from a prolongation of the pre-incubation period 
to 120min. The addition of methylglyoxal or sodium 
bicarbonate from a second side arm did not increase the 
glyoxalase activity of the inhibited preparation, indicating 


400 
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320 
280 
240 


200 


CO) evolved (yl.) 


160 
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Fig. 5. Inhibition of glyoxalase activity by methylglyoxal; 
the main vessel contained 0:4 ml. of 0-2m-NaHCO,, 
0-05 ml. of the erythrocyte preparation and water to a 
final volume of 2-0 ml. The side arm contained 0-2 ml. 
of 0-3% glutathione. Methylglyoxal (0-2 ml. of 1% 
solution) was added either to the main vessel (O—O) or 
to the side arm (O----O). Flasks were pre-incubated 
for a, 30 min.; b, 60 min.; c, 120 min. 
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that the decline in activity is not the result of the destruction 
of either methylglyoxal or sodium bicarbonate during the 
pre-incubation period. 

The effect of methylglyoxal on the glyoxalase activity is 
also shown in Table 3. Three experiments are presented 
with three different concentrations of glutathione added. 
In all instances, the evolution of CO, can be seen to be 
smaller in the experimental flask (methylglyoxal in the main 
vessel but glutathione in the side arm) than in the control 
flask (methylglyoxal and glutathione together in the side 
arm). At the low glutathione concentration of 0-47 x 10-°u 
an increase in the methylglyoxal concentration resulted in 
a further decrease in the evolution of CO,. However, as the 
glutathione level was increased to 0-95 x 10-*, the evolu- 
tion of CO, became largely independent of the methyl- 
glyoxal concentration, and at a glutathione concentration of 
4-7x10-8m an increase in the concentration of methyl- 
glyoxal brought about an increase in the CO, output. 


DISCUSSION 


At low glutathione concentrations, the glyoxalase 
activity of lysed erythrocytes proceeds at a constant 
rate in direct proportion to the glutathione concen- 
tration. Variations in sodium bicarbonate and 
methylglyoxal concentration within the limits 
indicated (Table 2, Fig. 3) have no effect on the 
evolution of carbon dioxide, and a straight-line 
relationship exists between enzyme concentration 
and carbon dioxide output (Fig. 4). Intact ery- 
throcytes exhibit similar properties. Under these 
conditions the conversion of methylglyoxal into 
lactic acid is entirely enzymic in nature and may be 
utilized for the assay of glutathione. However, it 
should be emphasized that the glyoxalase activity 


Table 3. Effect of methylglyoxal on the glyoxalase 
activity at various concentrations of glutathione 


The main vessel contained 0-05 ml. of the erythrocyte 
preparation and water to a final volume of 2-0 ml. In the 
experimental flasks, methylglyoxal, in the concentrations 
indicated, was added to the main vessel and glutathione 
was placed in the side arm. In the control flasks, both 
methylglyoxal and glutathione were placed together in the 
side arm. The flasks were pre-incubated for 30 min. at 30°, 
the contents of the side arm tipped into the main com- 
partment and the evolution of CO, was measured. 

Glyoxalase activity 
(ul. of CO, evolved/ 


30 min.) 
ental) 
Glutathione Methylglyoxal Experimental Control 
(mM) (mM) flask flask 
0-47 6-7 130 186 
0-47 13-4 125 172 
0-47 26-8 116 168 
0-95 6-7 142 258 
0-95 13-4 140 265 
0-95 26°8 138 273 
4-7 6-7 164 300 
4:7 13-4 184 370 
4-7 26:8 196 400 


GLUTATHIONE METABOLISM 


429 


of lysed erythrocytes is independent of methy]l- 
glyoxal concentration only within fairly narrow 
limits of glutathione and methylglyoxal concentra- 
tion (Fig. 3). 

As the glutathione concentration is increased, the 
glyoxalase activity of lysed erythrocytes assumes 
different characteristics from those observed at low 
glutathione concentrations. The evolution of 
carbon dioxide is initially greater than that ob- 
served with intact cells and decreases with time 
(Fig. 2). An increase in the methylglyoxal concen- 
tration results in an increase in the evolution of 
carbon dioxide even at optimum glutathione con- 
centrations (Table 1). Further, an increase in the 
carbon dioxide output occurs on increasing the 
sodium bicarbonate concentration (Table 2), and the 
enzyme concentration is no longer directly pro- 
portional to glyoxalase activity (Fig. 4). In heart 
muscle as well as ‘in most of the other tissues 
studied’ (Racker, 1951) the conversion of methyl- 
glyoxal into lactic acid is limited by glyoxalase IT 
activity (Racker, 1951; Crook & Law, 1952). If we 
assume a similar relationship in the erythrocyte, an 
increase in glutathione concentration will result in 
an increase in the addition compound to a level 
sufficient to saturate glyoxalase II. A further 
increase in glutathione concentration will lead to an 
accumulation of the addition compound and to its 
spontaneous breakdown. The observed evolution of 
carbon dioxide would then be a combination of that 
produced enzymically and that released spon- 
taneously. The rate of spontaneous breakdown of 
the addition compound is increased by an excess of 
methylglyoxal (Crook & Law, 1952) and by an 
increase in pH (Yamazoye, 1936; Racker, 1951). 
This may account for the observed effect of methyl- 
glyoxal (Fig. 3, Table 1) and sodium bicarbonate 
(Table 2) concentration on the glyoxalase activity 
at high glutathione concentrations. 

Evidence has been presented (Fig. 5, Table 3) 
which suggests that methylglyoxal exerts an in- 
hibitory effect on the glyoxalase system in the 
presence of very low concentrations of glutathione. 
Phenylglyoxal also inhibits the conversion of 
methylglyoxal into lactic acid (Hopkins & 
Morgan, 1948; Crook & Law, 1952). However, in 
this instance, a preferential affinity for glutathione 
is believed to be involved (Crook & Law, 1952). The 
inhibition of a number of sulphydryl enzymes by 
methylglyoxal has been reported (Kun, 1950). 


SUMMARY 


1. The glyoxalase activity of intact and lysed 
human erythrocytes has been studied. 

2. Conditions are described under which the 
glyoxalase activity of intact erythrocytes proceeds 
at a constant rate, independent of the methyl- 
glyoxal and sodium bicarbonate concentrations and 
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directly proportional to the erythrocyte concentra- 
tion. The system may be used as a sensitive assay of 
the enzyme—coenzyme activity of the cell. 

3. Lysed erythrocytes react similarly only in the 
presence of low concentrations of added glutathione. 
The rate of glyoxalase activity in the presence of 
relatively high concentrations of glutathione in- 
creases with the methylglyoxal and sodium bi- 
carbonate concentrations and is no longer propor- 
tional to the enzyme concentrations. Further, the 
reaction rate decreases with time. 

4. An inhibitory effect of methylglyoxal on the 
glyoxalase system is described. 

I should like to acknowledge with gratitude the help and 
encouragement of Professor J. A. Dauphinee, and to thank 
the Banting Research Foundation for a grant-in-aid toward 
the expense of this investigation. 
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The ‘Malic’ Enzyme in Insect Blood 


By P. FAULKNER 
Laboratory of Insect Pathology, Sault Ste. Marie, Ontario, Canada 


(Received 6 March 1956) 


Insect blood appears to have two main metabolic 
functions: first, that of storage; and secondly, that 
of transporting nutritional metabolites between 
the specialized tissues. An important difference 
between insect and mammalian blood lies in the 
chemical composition of the plasma; this is 
extremely variable throughout the life of the insect 
and appears to depend on many factors, including 
the general nutritional state (Ludwig & Wugmeister, 
1953), the stage of development (Wyatt, Loughheed 
& Wyatt, 1956) and the health of the insect 
(Drilhon & Vago, 1951, 1953; Ishimori & Muto, 
1951). 

The chemical composition of insects’ blood has 
been reviewed by Yamafuji (1937), Buck (1953) and 
Hinton (1954). It has been found that many sub- 
stances serving as intermediates in mammalian 
metabolism are present in substantial quantities in 
the blood of the silkworm (Bombyx mori L.), e.g. di- 
and tri-carboxylic acids (Tsuji, 1909), amino acids 
(see review by Hinton, 1954), keto acids (Venkata- 
chala Murthy & Sreenivasaya, 1953) and sugar 
phosphates (Smolin, 1952; Wyatt et al. 1956). Some 
of these substances undergo biochemical changes in 
the blood, and in this paper some account of the 
metabolism of organic acids in the blood of the 
silkworm and of certain forest insects is given. 

A preliminary account of this work has appeared 
(Faulkner, 1955a). 


EXPERIMENTAL 


Preparation of silkworm blood. Silkworm blood was 
collected as described previously (Faulkner, 1955b) and 
stored without dilution at — 28°. Dialysed silkworm blood 
was obtained as follows. Whole blood was diluted with an 
equal vol. of water, transferred to a cellophan bag, and 
dialysed against 51. of water with constant stirring for 
20 hr. at 1-3°. During dialysis, the blood, which was 
originally light yellow in colour, darkened and deposited 
a black material. After dialysis, the solution was filtered 
through Whatman no. 1 paper, and the filtrate, designated 
as ‘dialysed blood’, was stored at — 28°. 

Materials. Diphosphopyridine nucleotide (DPN) and 
triphosphopyridine nucleotide (TPN) (Nutritional Bio- 
chemicals Corp., Cleveland, Ohio), were 95% pure. Sugar 
phosphates (Schwarz Inc., New York) were obtained as 
barium salts and were converted into sodium salts. 

Methods. Protein was determined according to the 
method of Lowry, Rosebrough, Farr & Randall (1951) and 
keto acid by the method of Friedemann & Haugen (1943). 
Malic-dehydrogenase activity was assayed by measuring 
the rate of reduction of TPN at 340 mu. with silica cells 
(1 cm. light path) in a Beckman DU spectrophotometer. 
The standard test system contained the following in a total 
vol. of 2-2 ml.: aminotrishydroxymethylmethane (tris) 
buffer, pH 8-5, 18 mm; MgSO,, 2-3 mM; L-malate, 9 mM; 
TPN, 0-23 mM; enzyme as indicated. All incubations were 
carried out at room temperature (20°). In the larger-scale 
experiments the cells were removed from the light-proof 
compartment between readings to prevent heating of 
incubation mixtures. One unit of enzyme is defined as the 
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amount that causes an increase of 0-01 optical density 
unit/min. in the test system (Ochoa, 1952). The rate was 
calculated during the third minute of incubation. 

Incubations in which keto acid formation was measured 
were carried out in open test tubes (3-5 ml. capacity) in a 
water bath at 30°. After incubation, protein was precipi- 
tated by addition of trichloroacetic acid (final conen. 2-5 %, 
w/v), and keto acid analyses were performed on the super- 
natant. 

RESULTS 

Dehydrogenase activity of silkworm blood. TPN is 
rapidly reduced when incubated with diluted silk- 
worm blood and cannot be replaced by either DPN 
or a mixture of DPN and ATP. The results given in 
Fig. 1 show that TPN is not reduced when added to 
dialysed blood. However, if a heated extract of 
whole blood is added to an incubation mixture 
containing TPN and dialysed blood, reduced TPN 
is produced. The data given in Fig. 1 also indicate 
that reduction of TPN by silkworm blood is enzymic, 
since no reaction occurs when TPN is incubated with 
heated whole blood. These observations demonstrate 
that a TPN-linked dehydrogenase and its substrate 
are present in silkworm blood. 

Substrate specificity. The substrate specificity of 
the blood dehydrogenase was investigated in a test 


0:3 


0-2 


Optical density 


0-1 





8 16 24 
Time (min.) 

Fig. 1. Effect of dialysis on the activity of the silkworm- 
blood dehydrogenase. Tris, pH 7-5, 17 mM, was present in 
all incubations. The following additions were made as 
indicated: TPN, 0-38 mm; dialysed blood, 0-5 ml.; 


heated extract, obtained by heating diluted silkworm 
blood (1:4, v/v) for 5 min. at 100° and centrifuging, 
0-5 ml. Total vol., 2-5 ml. Blank cell contained tris anc 
dialysed blood. A contained TPN +heated extract; B 
contained TPN +dialysed blood; C contained TPN + 
dialysed blood + heated extract. 


*“MALIC’ ENZYME IN INSECT BLOOD 


431 


system containing the following components: tris 
buffer (pH 8-0), Mg?+ ions, TPN, dialysed silkworm 
blood and the test substrate. Of the compounds 
tested, only L-malate and fumarate were sufficiently 
active as substrates to account for the reduction 
rates obtained in the non-dialysed blood. The results 
shown in Fig. 2 illustrate that the L-malic dehydro- 
genase of silkworm blood is specific for TPN. 
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Fig. 2. Pyridine nucleotide specificity of the malic de- 
hydrogenase. Basic medium, present in all cells, con- 
tained tris, pH 7-5, 34mm; MgSO,, 4-2 mm; dialysed 
blood, 0-5 ml. The following additions were made as 
indicated: t-malate, 4-2 m“; DPN, TPN, 0-25 mm. Total 
vol., 2-5 ml. Blank cell coutained basic medium only. 
A contained t-malate+DPN; B contained TPN; C 
contained L-malate +TPN. 


06 ‘ 
2 
Vv 
vo 
s 
a A 
O 02 

0 4 8 7 a ee ee ee 


Time (min.) 


Fig. 3. Oxidation rates of L-malate and fumarate. Standard 
test conditions with L-malate and fumarate (9 mm) added 
as indicated; dialysed blood, 0-3 ml. In A, fumarate, and 
in B, malate, was added at zero time. 
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In the experiment shown in Fig. 3 the oxidation 
rates of t-malate and fumarate added at zero time 
to separate cells are compared. The oxidation of 
L-malate was immediate and its rate constant. 
However, a lag period of approximately 4 min. 
preceded oxidation in the cell containing fumarate. 
This suggests that fumarase is present in silkworm 
blood, and that fumarate added to the incubation 
mixture is converted into malate, which is sub- 
sequently oxidized by malic dehydrogenase. 

Substances not oxidized under the test conditions 
include the following: D-malate, L-aspartate, L- 
glutamate, sorbitol, glucose, glucose 6-phosphate, 
ribose 5-phosphate, «- and B-glycerophosphate, D- 
and meso-tartrate, succinate and lactate. 

Localization of the dehydrogenase in insect blood. 
Silkworm blood, in common with that of many other 
insects, contains few cells. Ikeda (1904) reports 
6000 cells/ml. in fifth-instar silkworm larvae. The 
following experiment was carried out to determine 
whether the dehydrogenase found in whole blood 
was located in the plasma or in the cells. 

Blood from forty larvae was divided into two 
parts. The first part was centrifuged at 20000 g at 
1° for 30 min., and the supernatant diluted with 
cold water (1:4, v/v). The second, uncentrifuged, 
portion of blood was also diluted in the same 
manner, and the two samples were assayed for 
dehydrogenase activity in the standard test system. 
Enzyme activity in uncentrifuged blood was 
25-5 units/ml., compared with 23-0 units/ml. in the 
supernatant of centrifuged blood. This result 
clearly indicates that most of the enzyme is present 
in the plasma, and that little of the total activity is 
associated with the blood cells. 

pH-—Activity relationship. Results given in Fig. 4 
show that the pH optimum of the malic dehydro- 
genase of silkworm blood is 8-4. The average pH of 
fifth-instar silkworm blood is 6-77 (Heimpel, 1955). 

End-product of malate oxidation. Two types of 
malic dehydrogenase requiring pyridine nucleotides 
have been described. The first is the ‘malic’ 
enzyme, which oxidatively decarboxylates L-malate 
to yield pyruvate (see Ochoa, 1952, for properties 
and distribution). The second enzyme, which was 
purified by Straub (1942), is malic dehydrogenase ; 
it oxidizes malate to oxaloacetate. Sacktor (1953) 
studied a DPN-linked malic dehydrogenase in 
house-fly mitochondria, but the product of malate 
oxidation by this insect enzyme was not identified. 

Experiments were performed to determine the 
identity of the keto acid end-product of malate 
oxidation in silkworm blood. Preliminary tests 
confirmed that pyruvate and oxaloacetate can be 
distinguished by the analytical procedure of 
Friedemann & Haugen (1943) for «-keto acids. In 
this method the 2:4-dinitrophenylhydrazones of the 
keto acids are extracted in different solvents. Ethyl 
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acetate readily extracts the 2:4-dinitrophenyl- 
hydrazones of both pyruvate and oxaloacetate, but 
benzene selectively extracts the pyruvate derivative; 
under our conditions only 20 % of the oxaloacetate 
derivative was extracted by benzene from an 
equimolar mixture with pyruvate. Thus by com- 
paring the amounts of phenylhydrazone extracted 
by ethyl acetate and by benzene, it is possible to 
determine whether pyruvate or oxaloacetate is the 
predominating end-product. 
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Fig. 4. pH-Activity relationship for t-malic dehydro- 
genase. Standard test system with 0-3 ml. of dialysed 
blood and the following buffers at 66 mm: sodium phos- 
phate, pH 6-5-7-5; tris, pH 7-5-9-0; glycine—HCl, pH 9- 
10. At pH 7-5 and 9-0, where the buffers overlapped, the 
mean enzyme activity has been plotted. The difference of 
activity in the buffers at pH 7-5 and 9-0 did not vary more 
than 5% from the mean. 
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Table 1. «-Keto acid production during 
malate oxidation 


Basic medium: tris buffer, pH 8-5, 20mm; MgS0,, 
5 mm; dialysed blood, 0-5 ml. These additions were made 
as indicated: L-malate, 10 mm; TPN, 0-08 mm; methylene 
blue (MeB), 0-8 mm. Total vol., 2-0 ml. The mixtures were 
incubated for 60 min. at 30°. 
Pyruvate formed 
(umoles) 


Ethyl acetate Benzene as 


Additions to basic medium 


sepsis’ 
Lt-Malate TPN 


MeB_ asextractant extractant 
+ + + 0-765 0-748 
+ + - 0-192 0-178 
+ - + 0-055 0-046 
+ - - 0-039 0-032 
- + - 0-072 0-063 
~ - a 0-049 0-046 
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Fraction Treatment 


DB-15 Dialysis of whole blood 
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Table 2. Purification of ‘malic’ enzyme in silkworm blood 


Specific 
activity 
Total Percentage (units/mg. 
units of DB-15 of protein) 


92 100 8-1 


R, 0-30% ammonium sulphate saturation ll 12 13-5 


E, 


R, 30-40% ammonium sulphate saturation 14 


15 14-5 


R, 40-50% ammonium sulphate saturation 44 48 79-6 
R, 50-60% ammonium sulphate saturation 19 20 0-4 
y Adsorption of R, on Ca,(PO,), gel at pH 5-0 11 12 


221-0 


in acetate buffer (2-5 mm). Elution with 


02 


Optical density 
° 
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Fig. 5. Reversibility of the ‘malic’ reaction. Initial incu- 
bation conditions for both experiments: tris, pH 8-5, 
10mm; MgSO,, 25mm; t-malate, 25mm; TPN, 
0-09 mm; dialysed blood, 0-3ml. In A, 25umoles of 
sodium pyruvate and 56 wmoles of NaHCO, were added at 
12 min.; in B, 20 umoles of oxaloacetate were added at 
12 min. Final vol., 2-5 ml. Optical density readings have 
been corrected for dilution. 


The results of a typical experiment with the 
silkworm-blood enzyme are given in Table 1. In 
this experiment the concentration of added TPN 
was kept low and methylene blue was .added to 
reoxidize reduced TPN as it was formed in order to 
obtain maximum production of the keto acid end- 
product. The results show that roughly equivalent 
quantities of 2:4-dinitrophenylhydrazones were 
extracted with either benzene or ethyl acetate, 
indicating that pyruvate is the main end-product. 
These results also demonstrate that TPN, malate 
and an oxidizing agent such as methylene blue are 
necessary for maximum pyruvate production. 

Reversibility of the enzyme reaction. The preceding 
experiments suggested that silkworm blood contains 
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phosphate buffer, pH 7-3 (50 mm) 


a ‘malic’ enzyme; however, the possibility had to 
be considered that oxaloacetate was the primary 
product of malate oxidation and that it subse- 
quently yielded pyruvate by either enzymic or 
spontaneous decarboxylation. The strongest evi- 
dence for the non-participation of oxaloacetate in 
the reaction is based on the requirements for its 
reversibility. 

TPN was reduced enzymically by a small 
quantity of L-malate, and when reduction of the 
TPN was complete pyruvate and bicarbonate were 
added (Fig. 5, curve A). The initial rate of reoxida- 
tion of reduced TPNH was rapid, showing that the 
reaction was readily reversed. In a second experi- 
ment (Fig. 5, curve B) oxaloacetate was added after 
the complete reduction of TPN, but in this case 
there was no rapid reoxidation as would be expected 
if oxaloacetate were an intermediate in L-malate 
oxidation. 

Purification of the enzyme. Purification of the 
dialysed-blood preparation as a preliminary to a 
study of the effect of cations on the ‘malic’ enzyme 
was carried out by a combination of ammonium 
sulphate precipitation and fractional elution from 
calcium phosphate gel (Table 2). It will be seen that 
fraction R,, precipitating between 40 and 50% of 
ammonium sulphate saturation, contained most of 
the ‘malic’ enzyme activity. Fraction R,; was 
purified further by adsorption on calcium phosphate 
gel at pH 5-0 and subsequent elution at pH 7:3, 
yielding a solution whose specific activity was 
221 units/mg. of protein. Veiga Salles & Harary 
(quoted by Ochoa, 1952) purified the ‘malic’ 
enzyme of pigeon liver by ethanol fractionation and 
fractional adsorption on calcium phosphate gel, 
and obtained a preparation more than three times as 
active as that obtained from insect blood. 

Effect of cations and of ethylenediaminetetraacetate 
(EDTA). The ‘malic’ enzyme of pigeon liver has an 
absolute requirement for Mn?+ or Mg?* ions (Veiga 
Salles & Ochoa, 1950). Silkworm-blood prepara- 
tions that had been dialysed overnight against water 
usually did not require addition of Mg?* or Mn?* 
ions for maximum activity; however, Mg?* ions 
were always added to the test system to offset any 
possible deficiency. The chelating agent EDTA 
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Table 3. Effects of Mn?+, Mg*+ and ethylenediaminetetraacetate (EDTA) 
Standard test system with Mn?+, Mg?+ and EDTA as indicated. 
Activity of 
EDTA ‘malic’ enzyme 
Expt. Enzyme preparation (mm) Cation tested (units) 
1 Dialysed blood, 0-3 ml. None None 3-80 
2-0 None 0-20 
2-0 Mg*+ (MgSO,, 2-5 mm) 3-75 
2 Fraction DB-15-R,, 0-1 ml. None None 0-25 
None Mg?+ (MgSO,, 0-25 mm) 0-60 
None Mn?+ (MnCl,, 0-25 mm) 1-4 








Table 4. 
on L-malate oxidation 


Effect of p-chloromercuribenzoate (PCMB), oxaloacetate (OAA) and sugar phosphates 





Basic medium: tris, pH 8-5, 20 mm; MgSO,, 2-5 mm; TPN, 0-08 mm; dialysed blood, 0-3 ml. Other additions were made 


as indicated. Total vol., 2-2 ml. 


Activity of 


L-Malate ‘malic’ enzyme Inhibition 
Expt. (mm) Inhibitor (units) (%) 
l 10-0 None 4-90 — 
10-0 PCMB (2-0 mm) 2-55 48 
10-0 PCMB (4-0 mm) 1-70 65 
2 2-5 None 4-65 -- 
2-5 OAA (1-4 mm) 2-20 53 
10-0 OAA (1-4 mm) 3-25 30 
3 10-0 None 4-90 _ 
10-0 Glucose 6-P (10 mm) 3-45 30 
10-0 Ribose 5-P (10 mm) 1-20 76 


strongly inhibits malate oxidation by preparations 
of dialysed blood, but if both Mg?+ ions and EDTA 
are present in the incubation mixture full activity is 
retained (Table 3, Expt. 1). 

If a preparation of fractionated blood is used as 
the enzyme source, Mn?+ and Mg?* ions have marked 
stimulatory effects on the rate of malate oxidation, 
Mn?" ions being more effective (Table 3, Expt. 2). 

Inhibitors of malate oxidation. A number of 
compounds were found to inhibit the ‘malic’ 
enzyme of the blood. These include p-chloromercuri- 
benzoate, oxaloacetate and certain sugar phos- 
phates. Examples of the experimental conditions 
under which these substances were effective are 
given in Table 4. The inhibition by p-chloromercuri- 
benzoate (Table 4, Expt. 1) suggests that the 
‘malic’ enzyme, in common with several other 
dehydrogenases, contains sulphydryl groups that 
are essential for its function. It is of interest to note 
that iodoacetate had no effect on the rate of TPN 
reduction when present at equimolar concentrations 
with L-malate. 

Oxaloacetate is an inhibitor of the ‘malic’ 
enzyme of the silkworm; roughly 50% inhibition is 
observed when oxaloacetate is present at half the 
substrate concentration (Table 4, Expt. 2). The 
inhibition is decreased when the t-malate concen- 
tration is raised, indicating that it may be com- 
petitive. Straub (1942) found that the DPN-linked 
malic dehydrogenase of pig-heart muscle is also 


inhibited by oxaloacetate. The inhibition of the 
rate of TPN reduction by oxaloacetate is not due to 
the reoxidation of TPNH by oxalacetate, as no 
reaction is observed when TPNH and oxaloacetate 
are incubated in the presence of the enzyme. 

The data in Table 4 also show that glucose 6- 
phosphate and ribose 5-phosphate diminish the rate 
of reduction of TPN by malate. The apparent 
inhibition by sugar phosphates is due to the activity 
of a polyhydric alcohol phosphate dehydrogenase 
in silkworm blood (Faulkner, 1956) that reduces 
certain sugar phosphates in the presence of reduced 
TPN. 

Occurrence of the ‘malic’ enzyme in blood of other 
insects. The ‘malic’ enzyme has been detected, by 
the standard test system, in the blood of the 
following forest insects: Neodiprion banksianae, the 
jack-pine sawfly ; Nymphalis antiopa, the spiny-elm 
caterpillar; Malacosoma disstria, the forest-tent 
caterpillar, and Choristoneura fumiferana, the 
spruce budworm. 


DISCUSSION 


The malic dehydrogenase of insect blood possesses 
several properties in common with the ‘malic’ 
enzyme of pigeon liver, e.g. its nucleotide specificity, 
its activation by Mg?+ and Mn?+ ions, and the 
incubation conditions necessary for the reduction of 
pyruvate. The activities of the ‘malic’ enzyme and 
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oxaloacetic decarboxylase are associated with the 
same protein fraction in the pigeon-liver enzyme 
(Ochoa, 1952). Preliminary experiments with the 
‘malic’ enzyme of silkworm blood suggest that no 
oxaloacetic decarboxylase is present. 

The physiological significance of the ‘malic’ 
enzyme in insect blood is at present a matter for 
speculation. Previous studies have demonstrated 
that both malate (Tsuji, 1909) and pyruvate 
(Venkatachala Murthy & Sreenivasaya, 1953) are 
to be found in silkworm blood and it is likely 
that equilibrium between these two substances is 
maintained by the ‘malic’ enzyme. The enzyme is 
probably concerned with the further metabolism of 
malic acid, which is contained in the silkworm’s 
food. Mulberry leaves, which are the exclusive food 
source of the silkworm, have been reported to con- 
tain 0-13 g. of malic acid/100 g. of fresh leaves 
(Suzuki, 1920). It is conceivable that the malic acid 
passes through the walls of the alimentary canal with- 
out chemical change and is metabolized in the blood. 

A further function of the ‘malic’ enzyme may be 
its contribution to the maintenance of the anion— 
cation balance in the blood. In some insects it has 
been demonstrated that dicarboxylic acids make an 
important contribution to the total anionic strength. 
For example, the total cationic strength in Gastro- 
philus blood was found by Levenbook (1950) to be 
264 m-equiv./l.; malate concentration is 42-64 m- 
equiv./l. (Nossal, 1952), accounting for over 20 % of 
the anionic strength. The malic acid concentration in 
silkworm blood was given by Tsuji (1909) as 0-5 %, 
Le. 75 m-equiv./l. On the basis of Bialaszewicz & 
Landau’s (1939) studies of the total anionic strength 
of silkworm blood, malic acid accounts for 43 % of 
the total number of anions. Should the number of 
anions in the blood decrease, or the cationic con- 
centration increase, then by functioning in reverse, 
ie. by malate synthesis from carbon dioxide and 
pyruvate, the ‘malic’ enzyme would be accomplish- 
ing the synthesis of further anionic carboxylic 
groups to offset the deficiency. 

The ‘malic’ enzyme may also take part in the 
control of the redox potential of the blood, and may 
indirectly affect the extent of pigmentation and 
hardening of the insect’s cuticle. Dennell (1947, 
1949), working with Sarcophaga falculata and 
Calliphora erythrocephala, has shown that darkening 
of a new cuticle after moulting is due to melanin 
formation catalysed by the tyrosinase present in the 
blood and cuticle. He suggested that a dehydro- 
genase system present in insect blood determines 
the magnitude of the redox potential and hence the 
degree of tyrosinase activity and the rate of melanin 
formation. ‘The liberation of the ‘“pupation hor- 
mone” coincides with the complete and abrupt 
termination of dehydrogenase activity which leads 
to tyrosinase activity and hardening of the larval 
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cuticle to form the puparium’ (Dennell, 1949). 
Silkworm blood darkens rapidly upon exposure to 
air at room temperature owing to its phenoloxidase 
activity, and melanin particles are deposited. 
Under conditions in vivo, however, melanin forma- 
tion is suppressed, although the blood is oxygenated. 
It is possible that the absence in vivo of tyrosinase 
activity is connected with the low redox potential 
of the blood, which may be maintained in part by 
the ‘malic’ enzyme system. 


SUMMARY 


1. Silkworm-blood plasma and the blood of 
several forest insects contain a triphosphopyridine 
nucleotide (TPN)-linked t-malic dehydrogenase. 
The enzyme has a pH optimum of 8-5-9-0 and 
requires Mn?+ or Mg?+ ions for full activity. 

2. Pyruvate is the end-product of the L-malate 
oxidation. Reversibility of the enzyme has been 
demonstrated by addition of pyruvate and bi- 
carbonate to a system containing reduced TPN. 

3. The enzyme is inhibited by p-chloromercuri- 
benzoate, oxaloacetate and some sugar phosphates. 

4. The results suggest that fumarase is present in 
silkworm blood. 

5. The possibility is considered that the ‘malic’ 
enzyme in insect blood helps to maintain the ionic 
balance, and may take some part in the control of 
the redox potential of the blood. 


The technical assistance of Miss Lorna Callahan is grate- 
fully acknowledged. This paper is Contribution no. 288, 
Forest Biology Division, Science Service, Department of 
Agriculture, Ottawa, Canada. 
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Enzymic Reduction of Sugar Phosphates in Insect Blood 


By P. FAULKNER 
Laboratory of Insect Pathology, Sault Ste. Marie, Ontario, Canada 


(Received 6 March 1956) 


The presence of carbohydrate and phosphorus 
compounds in insect blood is now well established 
and data on their distribution have been sum- 
marized by Buck (1953). Smolin (1952) obtained 
evidence for the presence of glucose 6-phosphate 
and smaller quantities of glucose 1-phosphate in 
acid extracts of silkworm (Bombyx mori L.) blood. 
Wyatt, Loughheed & Wyatt (1956), using more 
refined techniques, have confirmed the presence of 
glucose 6-phosphate in acid extracts of freeze-dried 
silkworm blood but were unable to find glucose 
1-phosphate. Of the seven phosphorus-containing 
materials separated by Wyatt et al. (1956) from silk- 
worm blood, only glucose 6-phosphate and inorganic 
phosphate have been identified. 

The present report is concerned with the finding 
that certain sugar phosphates are reduced to poly- 
hydrie aleohol phosphates by an enzyme in silk- 
worm blood. 


EXPERIMENTAL 


Preparation of silkworm blood. The dialysed silkworm 
blood used in this investigation was obtained as described 
previously (Faulkner, 1956). 

Materials. Glucose, glucose 6-, fructose 6- and ribose 5- 
phosphates were purchased from Schwarz Inc., New York; 
galactose 6-phosphate and triphosphopyridine nucleotide 
(TPN) from Nutritional Biochemical Co., Cleveland, Ohio, 
and reduced TPN from the Sigma Chemical Co., St Louis, 
Missouri. The galactose 6-phosphate was found to be con- 
taminated with material reacting as a ketose, and was 
purified by several reprecipitations of the barium salt from 
ethanol—water (5:1, v/v). 

Sorbitol 6-phosphate was prepared by reduction of the 
sodium salt of glucose 6-phosphate with a sodium boro- 
hydride solution by the procedure of Abdel-Akher, 


Hamilton & Smith (1951). The anthrone reagent, which 
does not give a colour with sorbitol, was used to determine 
when the sugar phosphate was completely reduced. The 
product was converted into the barium salt and recrystal- 


lized three times from ethanol—water (3:1, v/v) at pH 8-5. 
Periodate oxidation of the product gave a formaldehyde: 
phosphorus ratio of 1-16: 1. The theoretical value for sorbitol 
6-phosphate is 1:1. 

The concentration of sugar phosphate solutions was 
calculated from the organic phosphorus content by the 
method of Fiske & Subbarow (1925). 

Methods. Sugar phosphates were determined colori- 
metrically by means of the reaction with anthrone, as 
follows. To the sample, made up to 0-5 ml., 2 ml. of the 
anthrone reagent (Fairbairn, 1953) was added. After 
thorough mixing the solution was heated for 12 min. in 
a boiling-water bath and cooled immediately, and the colour 
read at 625 mu. 

Pentose was determined by the method of Meijbaum 
(1939), with 0-033 % in place of 0-1% FeCl,. 

Polyhydric alcohols were determined by the periodate- 
oxidation method of West & Rapoport (1949) with the 
following modifications. Half volumes of samples and 
reagents were used throughout, and the solutions were 
treated with periodate for 4 min. only. The samples were 
heated in a boiling-water bath for 5 min. after addition of 
the chromotropic acid reagent. Sorbitol or ribitol (adonitol) 
was used as a standard. 

Pyruvate was determined by the method of Friedemann 
& Haugen (1943), ethyl acetate being used to extract the 
2:4-dinitrophenylhydrazone. 

Experiments in which a change of reduced TPN concen- 
tration was measured were carried out at room temperature 
in silica cells (1-0 cm. light path) in a Beckman DU spectro- 
photometer at 340 mu. 


RESULTS 
Reduction of sugar phosphates in 
dialysed silkworm blood 


Dialysed silkworm blood contains a TPN-linked 
dehydrogenase capable of reducing a number of 
sugar phosphates. The reaction, whose equilibrium 
favours the formation of reduced-sugar phosphate, 
may be followed spectrophotometrically by ob- 
serving the decrease in optical density at 340 mu. of 
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i amixture containing reduced TPN, sugar phosphate 
andenzyme. A typical experiment, in which glucose 
6-phosphate was reduced, is illustrated in Fig. 1. 
During the first 2 min. of this experiment reduced 
TPN was incubated with dialysed blood, and it will 
be seen that there was little decrease in optical 
density, which indicates that no endogenous sub- 
strate was present. After 2 min., 5 wmoles of glucose 
6-phosphate were added. At first reduced TPN was 
rapidly oxidized, but eventually an equilibrium was 
reached. The sugar phosphate and reduced TPN do 
not react in the absence of the enzyme preparation. 
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Fig. 1. Reduction of glucose 6-phosphate. Initial incuba- 
) tion mixture: tris buffer, pH 8-0, 20mm; MgS0O,, 
2-5 mm; reduced TPN, 0-12 mm; dialysed blood, 0-2 ml. 
After 2 min. 5 wmoles of glucose 6-phosphate was added. 
Final vol., 2-2 ml. Optical-density readings were corrected 
for dilution after addition of glucose 6-phosphate. 


Table 1. Rates of reduction of some sugars 
and sugar phosphates 


Incubation conditions as in Fig. 1, with sugar phosphate 
added to give final concen. 1-0 mm. 
Rate of reduction 
expressed in 
arbitrary units 


Ribose 5-phosphate 1430 
F Galactose 6-phosphate 129 
’ Glucose 6-phosphate 100 
Fructose 6-phosphate 33 
Glucose 1-phosphate 0 
Glucose 0 
4 Fructose 0 
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Several sugar phosphates are reduced in the 
presence of the enzyme, and a comparison of the 
rates at which the reaction proceeds with a number 
of substrates is given in Table 1. In these experi- 
ments enzymic activity was calculated for the 
period of 30 sec. following the addition of the sugar 
phosphate. The results show that, in order of 
decreasing rates, the following sugar phosphates are 
reduced : ribose 5-phosphate, galactose 6-phosphate, 
glucose 6-phosphate and fructose 6-phosphate. The 
rate of reduction of ribose 5-phosphate is more than 
ten times that of the next sugar in the series, 
galactose 6-phosphate. It is apparent that all the 
sugars that react possess a potential carbonyl 
group. Glucose 1-phosphate, which lacks this, is 
not reduced, but is hydrolysed to the free sugar by 
a specific enzyme in silkworm blood (Faulkner, 
1955). Neither glucose nor fructose is reduced by 
the enzyme. 


Coupling of the sugar-phosphate reductase 
with the ‘malic’ enzyme 
Dialysed silkworm blood contains a TPN-linked 
‘malic’ enzyme whose equilibrium is in favour of 
pyruvate production (Faulkner, 1956). Experi- 
ments were therefore carried out to determine 
whether the oxidation of malic acid could be 
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Fig. 2. Coupling of L-malate oxidation and glucose 6- 
phosphate reduction. Initial incubation mixture: tris 
buffer, pH 8-5, 10 mu; MgSO,, 2-5mm; t-malate, 2-5mm; 
TPN, 0-09 mm; dialysed blood, 0-‘hml. At 19 min., 
5 moles of glucose 6-phosphate was added. Final vol., 
2-2 ml. Optical-density readings have been corrected 


for the dilution after addition of glucose 6-phosphate. 





438 


coupled to the reduction of sugar phosphates, 
dialysed silkworm blood being used as the enzyme 
source. The reactions visualized are: 


L-Malate + TPN, > pyruvate + CO,+TPN,,,; 


TPN... +sugar phosphate > 
reduced-sugar phosphate + TPN,, . 


TPN 
Sum: L-malate + sugar phosphate ——> pyruvate 
+CO,+reduced-sugar phosphate. (1) 


Confirmation that these reactions take place was 
obtained in the following experiment (Fig. 2). 
TPN was completely reduced by incubation with 
dialysed blood containing L-malate; glucose 6- 
phosphate was then added and a new equilibrium 
for the concentration of reduced TPN was estab- 
lished. These results show that reduction of sugar 
phosphates occurs in a mixture in which reduced 
TPN is generated by the oxidation of malic acid. 

By coupling the oxidation of malate with the 
reduction of sugar phosphate it was possible to 
obtain enough of the end products to investigate the 
chemical nature of the reduced-sugar phosphate and 
also to obtain data on the stoicheiometry of the 
reactions involved in its formation. 


Pyruvate production 


The conditions for maximum pyruvate produc- 
tion in the coupled reaction were investigated and 
the results are shown in Table 2. Maximum forma- 
tion of pyruvate resulted when L-malate, TPN and 
glucose 6-phosphate were contained in the incuba- 
tion mixture; in the absence of any of the com- 
ponents only small quantities of pyruvate were 
found. Results given in Table 2 also show that 
inorganic phosphate is not released during the 
reaction, and other experiments have demon- 
strated that the addition of inorganic phosphate 
to the reaction medium has no effect on the 
quantity of pyruvate synthesized ; orthophosphate, 
therefore, does not appear to be essential for the 
reaction. 

Most of the experiments on the reduction of sugar 
phosphates were carried out in open test tubes, i.e. 
aerobically. The results given in Table 3 show that 
approximately the same amounts of pyruvate are 
produced by the coupled system in air or under 
nitrogen. 

An increase in pyruvate production is also 
observed when glucose 6-phosphate is replaced by 
fructose 6-phosphate in the coupled reaction, but 
not when replaced by glucose 1-phosphate (‘Table 4). 
These results confirm the observation that glucose 
1-phosphate is not reduced by the silkworm-blood 
reductase. 
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Table 2. Coupling of t-malate oxidation with 
glucose 6-phosphate (G 6-P) reduction 


Basic medium: tris buffer, pH 8-0, 20mm; MgS0,, 
5mmM; dialysed blood, 0-5ml. Additions: L-malate, 
10 mm; TPN, 0-1 mm; glucose 6-phosphate, 2-5 mm. Total 
vol., 1-0 ml. Incubated for 2-5 hr. at 30°. 


Pyruvate Inorganic P 
Additions (umoles) (umoles) 
L-Malate + TPN +G 6-P 2-03 0-19 
L-Malate + G 6-P 0-25 0-18 
t-Malate + TPN 0-26 0-08 
TPN +G 6-P 0-23 0-14 


Table 3. Pyruvate production under aerobic 
and anaerobic conditions 


Basic medium: tris buffer, pH 8-0, 20 mM; dialysed 
blood, 0-3 ml. Additions: L-malate, 10 mm from side arm 
at zero time; TPN, 0-1 mm; glucose 6-phosphate (G 6-P), 
2-5 mm. Total vol., 1-0 ml. Incubated in Warburg flasks 
for 40 min. at 30°. Gas phase as indicated. 


Pyruvate (moles) 


a 

Additions N, Air 
L-Malate + TPN 0-11 0-13 
TPN +G 6-P 0-06 0-06 
L-Malate +TPN +G 6-P 0-60 0-62 


Table 4. Pyruvate formation in presence 
of sugar phosphates 


Basic medium: tris buffer, pH 8-0, 20mm; MgSO,, 
5mm; L-malate, 10mm; TPN, 0-1 mm; dialysed blood, 
0-5 ml.; sugar phosphate additions, 5mm. Total vol., 


2-0 ml. Incubated for 60 min. at 30°. 
Net synthesis 
in presence of 


Pyruvate sugar phosphate 
Additions (»moles) (umoles) 
Nil 0-27 — 
Glucose 1-phosphate 0-28 0-01 
Glucose 6-phosphate 1-11 0-84 
Fructose 6-phosphate 0-78 0-51 


Production and identity of reduced-sugar phosphate 


Two lines of evidence indicate that the reduced- 
sugar phosphate produced in the coupled reaction is 
a polyhydric alcohol phosphate. 

(a) Chromatography. The phosphate ester gener- 
ated when glucose 6-phosphate is reduced in the 
coupled reaction with malate oxidation has been 
separated from glucose 6- and fructose 6-phosphates 
by descending paper chromatography. Phosphates 
were detected on the paper by spraying with the 
molybdate reagent of Hanes & Isherwood (1949). 
The unknown ester separated from glucose 6- 
phosphate in solvent B containing tert.-butanol, 
picric and boric acids. However, the R, of the 
unknown (0-50) was very close to that of fructose 
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6-phosphate (0-46) in this solvent (Table 5, solvent 
B). In order to distinguish the unknown phosphate 
ester from fructose 6-phosphate the incubation 
mixture was chromatographed with solvent A 
(De Ley, 1954) containing fert.-butanol and picric 
acid. In this solvent the newly formed phosphate 
ester had an R, close to that of glucose 6-phosphate 
and quite distinct from fructose 6-phosphate 
(Table 5, solvent A). By the use of solvent B, which 
contained borate, the unknown phosphate ester 
was found to behave similarly to sorbitol 6-phos- 
phate prepared chemically by reduction of glucose 
6-phosphate. 

(6) Polyhydric alcohol phosphate analysis. Poly- 
hydric alcohols may be determined by controlled 
oxidation with periodic acid, followed by quanti- 
tative analysis of the liberated formaldehyde. The 
nature of the oxidation products when polyhydric 
alcohol solutions are treated with periodate is 
reviewed by Jackson (1944). One mole of an un- 
substituted polyhydric alcohol yields 2 moles of 
formaldehyde by oxidation of the terminal 
-CH,.OH groups. Thus a polyhydric alcohol in 
which one of the terminal carbons has been substi- 
tuted by phosphorylation would yield only 1 mol. 
prop. of formaldehyde. This reasoning has been 
followed in the calculation of the amounts of poly- 
hydric alcohol phosphate produced by the enzymic 
reduction of sugar phosphates in silkworm blood. 

The amounts of pyruvate and polyhydric alcohol 
phosphate formed when malate oxidation is 
coupled with the reduction of glucose 6-phosphate 
are compared in Table 6, where it will be seen that 
the molar ratio between the products, pyruvate 
and polyhydric alecho! phosphate, is almost 1:1 
throughout the incubation period. This relationship 
is predicted by equation (1). 

Two sets of data are given in Table 7, where the 
results refer to the reduction of ribose 5-phosphate. 
It will be seen that the maximum amount of ribitol 
phosphate is produced when the incubated mixture 
contains malate, TPN and ribose 5-phosphate. With 
heated enzyme, or with TPN or malate absent from 
the complete system, little ribitol phosphate is 
formed. The results in Table 7 also demonstrate 
that when 1 mole of ribose 5-phosphate is removed 
from the incubation mixture during the coupled 
reaction, approximately 1 mole of ribitol phosphate 
is produced. 


Isomerase in silkworm blood 


In order to determine the identity of the poly- 
hydric alcohol phosphate produced by enzymic 
reduction of an added sugar phosphate, it was 
necessary to investigate whether the sugar phos- 
phate underwent isomerization before reduc- 
tion. Specifically, it was important to determine 


whether glucose 6- and fructose 6-phosphates were 
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Table 5. Chromatography of sugar phosphates 


Solvent A contained tert.-butanol, 80 ml.; water, 20 ml.; 
picric acid, 4g. Solvent B as for solvent A with 2g. of 


boric acid added. 
R, of phosphate esters 
roernmel 


ne ee 

Solvent A Solvent B 
Glucose 6-phosphate (G 6-P) 0-28 0-31 
Fructose 6-phosphate 0-39 0-46 
Sorbitol 6-phosphate — 0-50 

L-Malate-—G 6-P coupled reaction* 0-24, 0-28 0-30, 0-50 
L-Malate-G 6-P coupled reaction, 0-25 0-31 

inactivated at zero time 


* Incubation conditions for L-malate-G 6-P coupled 
reaction as in Table 2. 


Table 6. Stoicheiometry of pyruvate and polyhydric 
alcohol phosphate production 


Tubes contained: tris buffer, pH 7-5, 20mm; MgSO,, 
5 mM; L-malate, 20mm; TPN, 0-08mm; G6-P, 2 mm; 
dialysed blood, 0-5 ml. Total vol., 1-0 ml. Incubated at 
30° for time indicated. 


Polyhydric 
Time of Pyruvate alcohol phosphate 
incubation found found 
(min.) (umoles) (umoles) 
30 0-23 0-22 
60 0-42 0-42 
90 0-60 0-58 


Table 7. Synthesis of ribitol phosphate 


Incubation conditions: tris buffer, pH 7-5, 20mm; 
MgSO,, 5mm; t-malate, 20mm; TPN, 0-08 mm; ribose 
5-phosphate (R 5-P), 4 mm; dialysed blood, 0-5 ml. Total 
vol., 1-0 ml. Incubated at 30°, in Expt. 1 for 90 min.; in 
Expt. 2 for times indicated. In Expt. 1 tubes contained 
L-malate, TPN and R 5-P as indicated. All tubes in Expt. 2 
contained complete incubation medium. 


Expt. 1. Conditions for ribitol phosphate synthesis 


Ribitol 
phosphate found 

Additions (moles) 
L-Malate + TPN +R 5-P 3-36 
L-Malate + TPN + R 5-P* 0-07 
L-Malate + R 5-P 0-36 
TPN +R5-P 0-30 
0-10 


R5-P 
* Heated enzyme present in mixture. 


Expt. 2. Relationship between R 5-P uptake and 
ribitol phosphate formation 


R 5-P removed Ribitol 
Incubation R5-P during enzymic phosphate 
time found reaction found 
(min.) (moles) (umoles) (umoles) 
0 3-97 0-00 0-00 
30 2-61 1-36 1-24 
60 1-42 2-55 2-34 
90 0-41 3-56 3-51 
120 0-06 3-91 4-04 
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interconvertible and whether ribose 5-phosphate 
was converted into ribulose 5-phosphate by an 
enzyme in dialysed silkworm blood. 

Isomerase activity, with glucose 6-phosphate, 
galactose 6-phosphate and ribose 5-phosphate as 
test substrates, was determined under the experi- 
mental conditions of Axelrod & Jang (1954). 
Controls, in which the reaction mixture was in- 
activated at zero time, were run. The qualitative 
results indicated that glucose 6-phosphate was 
converted into a keto sugar. However, ribose 5- 
and galactose 6-phosphates did not form keto 
sugars. Phosphohexoisomerase activity was in- 
vestigated further by the method of Roe (1934) for 
keto sugar analysis. The results, shown in Fig. 3, 
indicate that glucose 6-phosphate is rapidly con- 
verted into fructose 6-phosphate initially, but that 
the rate of ketose formation decreases as the equi- 
librium position is approached. 

It is not possible to predict whether sorbitol 6- or 
mannitol 6-phosphate is formed when glucose 6- or 
fructose 6-phosphate is reduced by the enzyme. 
If there were no conversion into fructose 6-phos- 
phate, glucose 6-phosphate would be reduced to 
sorbitol 6-phosphate, and fructose 6-phosphate 
would form either mannitol 6- or sorbitol 6-phos- 
phate, or a mixture of both. However, since galac- 
tose 6- and ribose 5-phosphates are not converted 
into keto sugars, only galactitol 6- and ribitol 5- 
phosphates can be formed when they are reduced, 
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Fig. 3. Isomerase of silkworm blood. All tubes contained: 
tris buffer, pH 7-5, 40 mm; glucose 6-phosphate, 10 mm; 
dialysed blood, 0-2 ml. Total vol., 1-0 ml. Incubated at 
30° for times indicated. 
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provided that no Walden inversion occurs in the 
configuration of the remaining hydroxyl groups. 


DISCUSSION 
The polyhydrie alcohol phosphate dehydrogenase of 
silkworm blood is somewhat similar in action to 
mannitol 1-phosphate dehydrogenase of Escherichia 
coli recently described by Wolff & Kaplan (1954, 
1955, 1956). The bacterial enzyme, which is a 
DPN-linked dehydrogenase, appears to have a high 
substrate specificity and reduces fructose 6- to 
mannitol 1-phosphate. The TPN-linked enzyme of 
silkworm blood reduces both aldose and ketose 
phosphates possessing potential carbonyl groups. 
To date, it has not been possible to separate the 
dehydrogenase from the phosphohexoisomerase in 
silkworm blood, although this is desirable since only 
then will it be possible to determine with certainty 
whether the enzyme is specific for aldose phosphates. 

Silkworm blood contains a ‘malic’ enzyme 
(Faulkner, 1956) and analyses have shown that 
malic acid (Tsuji, 1909) and glucose 6-phosphate 
(Wyatt et al. 1956) are also present; thus synthesis 
of polyhydric alcohol phosphates probably takes 
place in silkworm blood. It is possible that some of 
the unidentified phosphorus-containing compounds 
separated by Wyatt et al. (1956) from silkworm 
blood belong to the same class of compounds. 

In the presence of reduced TPN, the equilibrium 
of the polyhydric alcohol phosphate dehydrogenase 
is in favour of synthesis of polyhydric alcohol 
phosphate. These substances, which are more 
highly reduced than is the parent sugar phosphate, 
may be regarded as possessing an energy-storage 
function and may assist in the carrying over of 
metabolic energy at certain stages of the insect’s 
development. 

SUMMARY 


1. Dialysed silkworm blood contains a TPN- 
linked dehydrogenase that, in order of decreasing 
rates, reduces the following sugar phosphates to 
polyhydric-alecohol phosphates: ribose 5-, galactose 
6-, glucose 6- and fructose 6-phosphates. 

2. Synthesis of polyhydric alcohol phosphate can 
be accomplished by coupling the oxidation of malic 
acid with the reduction of the sugar phosphate in the 
presence of TPN and dialysed silkworm blood. 

3. Phosphohexoisomerase is present in silkworm 
blood; no ribose phosphate-isomerase activity has 
been observed. 

4. The possibility is considered that polyhydric 
alcohol phosphate formation in the insect assists in 
the storage of metabolic energy. 

The technical assistance of Miss Lorna Callahan is 
gratefully acknowledged. This paper is Contribution no. 289, 
Forest Biology Division, Science Service, Department of 
Agriculture, Ottawa, Canada. 
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Vitamins in Germination 
DETERMINATION OF FREE AND COMBINED INOSITOL IN GERMINATING OATS 
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Biochemistry and Pharmacology, King’s College, University of London 


(Received 26 March 1956) 


The earliest record of the occurrence of inositol in 
plant materials appears to be that of Vohl (1856), 
who isolated inositol from haricot beans. It has 
subsequently been found in all plants examined, 
and its combined form phytin, a calcium, mag- 
nesium and potassivm complex of inositol phos- 
phoric acids, also appears to be ubiquitous in the 
plant world. Inositol has been found in phospho- 
lipids of soya bean (Klenk & Sakai, 1939; Woolley, 
1943); of-ground nut (Hutt, Malkin, Poole & Watt, 
1950); and maize (Scholfield, McGuire & Dutton, 
1950). Hawthorne & Chargaff (1954) isolated, from 
soya bean phosphatides, sugars in combination with 
inositol monophosphate. 

Quantitative studies of inositol have been limited 
hitherto by the lack of satisfactory analytical 
techniques and by the difficulty of distinguishing it 
from its isomers and congeners. The microhiological 
method is the most sensitive and accurate method at 
present available for the assay of meso-inositol, and 
in the following studies we have used Schizosac- 
charomyces pombe as assay organism on the lines 
developed by Northam & Norris (1952), with 
modifications introduced by Norris & Darbre 
(1956). 

The study of vitamins of the B group in the germi- 
nation of seeds necessarily waited on the growth of 
knowledge of the group and the development of 
satisfactory methods of assay. In the last 10-15 


years the changes in content of a number of B 
vitamins in seeds during germination have been 
investigated by several workers. The literature has 
been reviewed by Norris (1947, 1950). In general, 
the reported changes, whether of increase or de- 
crease of a particular vitamin after germination, 
have tended to become smaller as time went on. 
This is due largely to improvements in assay 
techniques, but also to greater care in planning 
experiments and assessing results. Burkholder 
(1943) reported an increase of inositol from 630 yg./ 
g. dry wt. to 1290 yg./g. after 5-6 days’ germination 
of oats. Taking into account the loss in dry weight 
of the seed on germination, from data given by 
Burkholder, we have calculated a real increase from 
12-2 to 19-1 yg. of inositol/seed. This increase is in 
sharp contrast with the decrease reported in the 
present paper. Differences may be due in varying 
degrees to much higher temperatures and humidities 
in America than are normal in this country. The 
analytical procedure is open to question as it 
involved digestion with a papain—Taka diastase 
mixture, a method found to result in incomplete 
liberation of inositol (Jones, 1951). 

The literature offers a wide choice of conditions 
for the liberation of inositol from phytin, whether 
by chemical (Bartow & Walker, 1938) or enzymic 
means (Peers, 1953). We believe that the sealed- 
tube method with N-HCl described below gives a 
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maximum release of inositol. Hydrolysis by added 
phytase releases inositol to an extent closely ap- 
proaching that by acid, but has the disadvantage 
that extremely lengthy periods of incubation are 
necessary. 

The lipid-inositol fraction in oats is very small, 
and it is not certain whether acid hydrolysis releases 
all the inositol in this combined form. McKibbin & 
Taylor (1949) discuss methods of hydrolysis of 
lipids, and for the subsequent assay of lipid inositol 
we have found their method the most satisfactory 
(Taylor & McKibbin, 1953). 

It is hoped to follow this contribution on inositol 
in the germinating oat seed with a further study of 
inositol in the germinating bean. Folic acid in these 
seeds is also under investigation. 


EXPERIMENTAL 


Germinated oats. Two samples of oats, 8. 147 (1951 and 
1947), designated batch I and II, were available from 
previous studies. The seeds of batch I were germinated in 
Petri dishes, stacked and separated, in large vessels. A slow 
stream of air, passed through cotton-wool filters, bubbled 
through water at the bottom of the vessels. The dark-room 
temperature was constant at 25°, and humidity in the 
vessels also constant. Batch II had been germinated in bulk 
on the malting floor in a commercial maltings. The samples 
were not kiln-dried, but were dried in air, finely ground and 
stored in tightly stoppered bottles. In the present paper a 
designation batch I, 2, will indicate a sample withdrawn 
from batch I after 2 days’ germination, and so on. 


General methods 


Moisture content. The Fischer drier was used with boiling 
CHCl, (61°) and P,O, in vacuo. The individual samples, 
weighing about 100 mg., were placed in porcelain weighing 
boats, and from 8 to 24 hr. was required for them to attain 
constant wt. All results were calculated to this dry wt. 
basis. 

Mean weight of a seed. The mean wt. of seeds at each stage 
of germination was determined by counting out at least nine 
sets of seeds, each set containing varying numbers of seeds 
from about 50 to 120. Each set was weighed to the nearest 
0-1 mg. and the mean wt. of one seed in each set determined. 
The combined means were then averaged; the standard 
deviation was normally of the order of 3% and was not 
considered significant in relation to later procedures in- 
volved. The mean wt./seed was calculated to dry wt. after 
moisture determination. 

Assay of inositol. The method used was described by 
Norris & Darbre (1956). The test organism was a strain of 
S. pombe. Minor modifications in the original method of 
Northam & Norris (1952) were made as a result of stringent 
experimental tests. The most important of these were: 
(a) the elimination of asparagine from the medium, since 
asparagine had no apparent effect on the growth of the 
organism at 24, 48 and 72 hr.; (b) the concentration of 
biotin was doubled to ensure an adequate supply to the 
organism. Otherwise the medium corresponded to ‘Medium 
BMI Supp.’ of Northam & Norris (1952). Computation of 
the results was normally made by direct reading from a 
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standard curve. More detailed computations (Norris & 
Darbre, 1956) were carried out as a check from time to time. 
The method is, in general, accurate within +3%. 


Total inositol 


The choice of hydrolysing agent is influenced by the 
effect on the assay organism of the nature and amount of the 
salts formed when the hydrolysate is brought to pH 4:8 for 
assay purposes. Tests were carried out to study the effect 
of increasing concentrations of salts such as NaCl, KCl, 
NH,Cl, Na,SO,, K,SO, and (NH,),SO,, which would be 
formed when neutralizing the various acids and alkalis used. 
Provided that the amount of salt added was less than 
4mg./tube, the organism was not detectably inhibited. 
Inhibition by salts also depended to some extent on the 
concentration of inositol present. Thus with Lyg. of 
inositol/tube the organism was more sensitive to salts than 
with 2yg./tube. In general, the concentration of salts 
should be low enough to ensure that there is no inhibition of 
growth at the levels of inositol under test. 

Alkaline hydrolysis, whether with sodium, potassium or 
ammonium hydroxide, resulted in low yields of inositol and 
was abandoned. Sulphuric acid up to 10N was used in 
attempts to shorten the time of hydrolysis, but neutraliza- 
tion of concentrations higher than Nn with sodium, potassium 
or ammonium hydroxide produced amounts of salts which 
inhibited the organism. Removal as BaSO, involved losses 
by adsorption of inositol on the precipitate. Although 
Gregory (1935), using a much less sensitive method of 
estimation, stated that inositol was not adsorbed by barium 
sulphate under acid conditions, Needham (1923) and 
Bartow & Walker (1938) reported difficulties due to 
adsorption on insoluble precipitates. Sulphuric acid was 
found to be less effective than HCl at all concentrations 
except 0-5N for the same heating period. 

Hydrochloric acid appeared to be the most satisfactory 
hydrolysing agent and the possibilities were examined in 
detail. Hydrolysis by refluxing was not satisfactory owing 
to the black sublimate which always formed in both water 
and air condensers; moreover, the length of time necessary 
was inconvenient when large numbers of samples were 
involved. 

A more promising method involved heating up to 200 mg. 
of the test material with 2 ml. of hydrolysing agent in a 
sealed Pyrex tube at 123° (equivalent to 15 Ib./in.*) in an 
electric oven. Table 1 shows results with N-HCl. 

Similar results with a rather broad maximum around 
48 hr. were obtained with other materials such as soya-bean 
flour, barley, etc. (Norris & Darbre, 1956). The peak values 
obtained with n-HCl could also be reached by using 0-5N- 
HCl (96 hr.), 2N-HCl (30 hr.), 3N-HCl (24 hr.), 4N-HCl 
(18 hr.), 5N-HCl (12 hr.) and 6N-HCl (8 hr.). These periods 
of heating could be considerably extended without signifi- 
cantly affecting the values of inositol obtained. Inositol was 
stable under these conditions. For example, 250 yg. of 


Table 1. Liberation of inositol from oats by acid 


A sample of batch II, 2, was heated in a sealed tube with 
n-HCIl, at 123°. 
Time of heating (hr.) ... 18 24 36 48 60 69 
Inositol liberated 2340 2430 2610 2630 2620 2550 
(ug-/g-) 
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inositol was heated with 2 ml. of N-HCl for as long as 88 hr. 
at 123°, and 247 yg. was recovered; this was a complete 
recovery within the experimental limits involved. 

Use of the more concentrated acids necessitated removal 
of the bulk of acid under diminished pressure before 
neutralization and making up to volume. By the use of 
2ml. of N-HCl, and neutralizing without distillation and 
making up to 100 ml., a solution with which no inhibition of 
the organism was detectable was obtained. In practice the 
dilution for assay purposes is much greater than this and no 
effect of salt concentration need be feared. 

Methods involving the autoclave would be more con- 
venient than the sealed-tube method, but the long periods 
necessary for complete liberation of inositol render the 
autoclave method impracticable. Jones (1951) liberated 
inositol from yeast by autoclaving samples with increasing 
concentrations of HCl for 1 and 2 hr., and with H,SO, for 
2 hr. This method was shown to be inferior to the sealed-tube 
method for yeast (Norris & Darbre, 1956) and for oats 
(Table 2). 

Method adopted. About 100 mg. of sample was heated 
with 2 ml. of N-HCl in a sealed Pyrex tube at 123° for 48 hr. 
After cooling, the tube was opened, the hydrolysate filtered 
with numerous washings into a measuring flask, the pH 
adjusted to 4-8 with NaOH and the solution made up to 
volume. If the solution had to be kept a short time before 
assay it was heated to 90° in a water bath and after cooling 
was stored at 0-4°. 


Free inositol 


To obtain accurate values for pre-existing free inositol: 
(a) extraction from the sample must be as complete as 
possible; (b) enzyme action and hydrolysis during extraction 
must both be prevented; (c) the method of extraction must 
be suitable in relation to the subsequent method of assay. 


Table 2. Liberation of inositol from oats by 
autociaving with acid 


Samples of batch II, 10, were autoclaved for 2 hr. at 
15 Ib./in.? 
Inositol liberated (yg./g.) 


Conen. 
of acid HCl H,SO, 
N 370 380 
2n 410 — 
3N 410 390 
5N 650 420 


Content by sealed-tube method: 2400 ug./g. 





Table 3. Hatraction of free inositol from oats 
(batch IT, 2) 


A sample (1 g.) was homogenized with 10 ml. of extrac- 
tive for 2 min. at 2000 rev./min., the suspension made up 
to 25 ml. and allowed to stand at room temperature for 
the times indicated. 


Inositol extracted (yg./g. dry wt.) 





co 
Extractive 10min. 30 min. 3 hr. 36 hr. 
Water 92 99 136 239 
y-HCl 96 96 95 96 


0-04.N-HCl 88 91 89 86 
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(a) To ensure complete extraction the samples were 
treated in a stainless-steel homogenizer of the type sug- 
gested by Potter & Elvehjem (1936). 

(b) The use of various extractives for varying periods was 
studied and typical results are shown in Table 3. The larger 
and increasing figures for water extraction indicate clearly 
that autolytic enzymes were active. With n-HCl slightly 
higher figures were given than with 0-04N-HCl, probably 
attributable to a slight degree of hydrolysis by the more 
concentrated acid. The figures for 0-04n-HCl may be 
regarded as satisfactory, additional experiments having 
shown that the autolytic enzymes are completely inacti- 
vated by 0-04 or 0-02N-HCl and -NaOH. For example, 
there was no additional liberation of inositol when the 
0-04N-HCl was neutralized and the sample incubated at 
pH 5-4 and 37° for as long as 600 hr. 

(c) The low concentration of NaCl produced by neutraliza- 
tion of the 0-04N-HCl and subsequent dilution had no 
effect on the assay organism. 

Method adopted. A portion (1 g.) of the sample was homo- 
genized with 10 ml. of 0-04Nn-HCl at 2000 rev./min. for 
2 min. The difference between the diameters of the homo- 
genizer plunger and tube was 0-9 mm. No special precau- 
tions were taken to counteract rise in temperature, which 
never exceeded 4-5°, The mixture was then transferred 
with numerous small washings to a 50 ml. centrifuge cup. 
After standing, with occasional stirring, for at least 10 min., 
the extract was separated by centrifuging and the residue 
washed four times; three washings removed all detectable 
inositol and the fourth represents a safety limit. The 
combined extracts were adjusted to pH 4-8 (bromocresol 
green used externally) and autoclaved at 15 Ib./in.* 
momentarily. The precipitate was removed by centrifuging 
(or filtering through Whatman no. 1 paper if only small in 
amount) and a further four washings were carried out, after 
which the extract was made up to volume. Tests showed 
that inositol was not adsorbed on filter paper between 
pH 4-0and 8-2. Ifnot required immediately the solution was 
heated as described for total inositol and stored at 0-4°. 


Inositol liberation by autolysis 


The major portion of the inositol in cereal seeds occurs 
in combination with phosphoric acid. Inositol may be 
liberated from such phosphoric esters by the autolytic 
enzymes present, largely phytase, or by added phytase. 

The effect of homogenization of the sample upon the 
action of the autolytic enzymes was studied, since although 
homogenization might be expected to enhance the libera- 
tion, this might be counterbalanced by some inactivation of 
the enzymes. A portion (1 g.) of oats, batch II, was homo- 
genized for 2 min. with 10 ml. of water, transferred to a 
beaker and water added to 40 ml. The pH of this extract was 
5-15 (measured with a glass electrode). A volume (4 ml.) of 
0-2m sodium acetate-acetic acid buffer, pH 5-15, was 
added, and the volume finally made up to 100 ml. with 
water. Another I g. of the sample was similarly treated, but 
with omission of the preliminary homogenization. Both 
samples were then incubated at 39° under a layer of toluene 
and assayed at various times up to 48 days. The results are 
shown in Table 4, the initial content of free inositol being 
86 ug./g. 

The homogenization appears to decrease the amount 
liberated in the earlier stages as compared with that for 


‘the sample not so treated. At the end of the period the 
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homogenized sample has slightly overtaken the other. 
However, the release of combined inositol by the autolytic 
enzymes is extremely slow, and the amount reached after 
48 days was still less than that obtained by acid hydrolysis 
(2650 yg./g-)- 

Method adopted. Samples (1 g.) were homogenized with 
10 ml. of water for 2 min., made up to 100 ml., including 
4 ml. of acetate buffer, pH 5-15, and incubated at 37° under 
a thin layer of sulphur-free toluene. 


Action of phytase 


The liberation of inositol by added phytase, prepared 
from barley by the method of Adler (1915), was carried out 
after preliminary inactivation of autolytic enzymes with 
0-04N-HCI as described previously. 

The results of experiments with acetate buffers to 
determine the optimum pH for phytase action are indicated 
in Fig. 1. A convenient working optimum was taken as 
pH 5-4 [cf. Peers (1953), who proposed pH 5-15]. Since 
Hoff-Jorgensen & Porsdal (1947) had found that rye 
phytase was activated by lactate, use of a lactate buffer was 
compared with that of the acetate buffer. 0-2m Sodium 
acetate-acetic acid and 0-2m sodium lactate-lactic acid 
buffers (4 ml./100 ml. total volume) were used.’ No effect 
was observable with oats, which gave, for example, two 
results after 260 and 408 hr. of 2340 and 2630 yg./g. with 
lactate buffer, as compared with 2340 and 2650 yg./g. with 
acetate buffer. 


Table 4. Liberation of inositol by autolytic 
enzymes of oats 


Samples (batch II, 2) were mixed with water and incu- 
bated at 39°. pH 5-15. 
Inositol found (yg./g.) 
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Method adopted. A portion (1 g.) of the sample was homo- 
genized for 2 min. with 10 ml. of 0-04N-HCl and allowed to 
stand for at least 10 min. The homogenate was then made up 
to 100 ml. in a volumetric flask with 4 ml. of 0-2N acetate 
buffer at pH 5-4, and 0-025 g. of phytase. The mixture, 
under a thin layer of sulphur-free toluene, was incubated at 
37-39°. Sampling was carried out by taking about 7 ml. of 
the well-stirred flask contents and centrifuging. A volume 
(5 ml.) of the supernatant was diluted with water, adjusted 
to pH 4-8, autoclaved and made up to volume as described 
for free inositol. 


Lipid-combined inositol 


This is the most difficult fraction to deal with, being both 
small in amount and of low inositol content. Different 
procedures were tested, and although results were not 
wholly satisfactory, there are points of interest, particularly 
with regard to the assay organism. 

A number of assay organisms are affected by fats or fatty 
acids. S. pombe, however, appeared to be unaffected by their 
presence, since samples which were pre-extracted two or 
three times with ether or light petroleum (b.p. 40-60°) gave 
assay results not significantly different from those for un- 
treated samples. S. pombe was unaffected also by choline, 
commonly present in lipid hydrolysates. Taylor & McKibbin 
(1952) found that their assay organism for inositol, Sac- 
charomyces carlsbergensis, was inhibited to some extent with 
a molar ratio of choline to inositol of 0-3:1. With S. pombe 
a molar ratio as high as 1450:1 was without effect. In 
attempting to assay lipid-combined inositol several pro- 
cedures were tested. 

Extraction of lipid material. Two methods were tried. 
(i) Preliminary treatment with 95% ethanol, followed by 
continuous extraction with ethanol-ether (3:1) (Bloor, 
1929). (ii) Complete extraction with light petroleum 
(b.p. 40-60°). 

Hydrolysis of lipid extracts, The extracts were evaporated 
in situ in a Pyrex tube and hydrolysed with 5 ml. of 4n-HCl 
at 123° for 40 hr. (cf. Taylor & McKibbin, 1953). 

Treatment of hydrolysate. Three methods were tested. 

(i) Direct: the acid was removed under reduced pressure 
and the residue taken up in water. The pH was adjusted to 
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Fig. 1. 


Inositol liberated from oats by added phytase at pH 5-19-5-91. 
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4-8, the extract filtered and made up to volume. Assays of 
this extract were erratic and invalid; there were upward and 
downward ‘drifts’ in results obtained by comparison with 
the standard curve. 

(ii) Treatment with charcoal: by addition of a few mg. of 
activated charcoal to the water extract and boiling for afew 
minutes, interfering substances could be removed by filtra- 
tion and the assays were then more satisfactory. Bonner & 
Dorland (1943) reported adsorption of inositol on charcoal; 
but with the sample we used [‘ Charcoal decolorizing powder 
(activated) ’, B.D.H. Ltd., London], there was no indication 
of loss in experiments with standard solutions of inositol. 

(iii) Chloroform extraction: this method (Taylor & 
McKibbin, 1953) gave the most satisfactory results. The 
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RESULTS 


The results obtained from application of the 
methods indicated in the previous sections, with 
oats at various stages of germination, are shown in 
Tables 5-9. 

DISCUSSION 


The germination of the two batches followed the 
same general course, but there were quantitative 
differences (Table 5). Batch I, germinated in small 


Table 5. Dry weight of oats during germination 




















acid hydrolysate was transferred to a 50 ml. separating 
funnel and extracted three times with 15 ml. portions of Rute : aan ” 
CHCl,. The aqueous layer was distilled under reduced Piealahiit " Ciieeitaadiee ; 
pressure to remove acid, the residue taken up with water, time Dry wt. time Dry wt. 
adjusted to pH 4:8, filtered and made up to volume. Results (days) (mg./seed) (days) (mg./seed) 
of assays were examined statistically and were found to be 0 33-3 2 26-5 
valid in all cases. The first method of preliminary extraction 2 31-3 3 28-0 
and the above CHCl, extraction appear to be the most 6 30-5 10 26-3 
promising procedures. 10 30-4 12 23°3 
Table 6. Total inositol of oats during germination 
Batch I Batch II 
C f e e ; Y 
Germination Germination 
time time 
(days) pg./g. pg./seed (days) peg./g- pg./seed 
0 2690 89-5 2 2650 70-2 
2 2760 86-2 3 2640 73-9 
6 2770 84-5 10 2400 63-2 
10 2630 79-9 12 2330 54:3 
Table 7. Free inositol of oats during germination 
Batch I Batch II 
cr 2 > Ss F , ’ 
Germination Germination 
time time 
(days) pg-/g. g./seed (days) peg./g. pg./seed 
0 85 2-8 2 86 2-3 
2 57 1-8 3 98 2:7 
6 126 3:8 10 204 5-4 
10 300 9-1 12 206 4:8 


Table 8. Inositol liberated by autolytic enzymes of oats (batch IT) 














Germination time (days) ... 2 3 10 12 
Incubation time — — 3 ‘ — ‘ —o ~ 
(hr.) pg./g. pg./seed peg-/g. pg./seed peg./g. pg./seed pg./g. pg./seed 
144 320 84 ~ 300 8-5 1480 39-0 1190 27:7 
287 540 14-3 570 15-9 1870 49-1 1270 29-5 
430 920 24-5 870 24-2 1980 52-0 1500 35-0 
546 1190 31-4 1100 30-7 2030 53-5 1590 37-0 
714 1600 42-5 1550 43-5 2130 56-1 1670 38-8 
Table 9. Inositol liberated by added phytase from oats (batch IT) 
Germination time (days) ... 2 3 10 12 
Incubation time , ‘ . Zi ‘ ed X - 
(hr.) g./g. pg-/seed pg./g. pg./seed pg./g. pg./seed peg./g. pg./seed 
260 2340 62-0 2410 67-4 2160 56-7 — ae 
408 2650 70:3 2610 73-1 2380 62-5 2230 51-9 
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amount in the laboratory, shows a germination loss 
of dry wt. of 8-7% at 10 days, which is rather 
smaller than normal, possibly because of lower 
temperatures and humidities. The commercially 
malted batch II shows some irregularities but has a 
more normal germination loss of 12-1% between 
the second and twelfth days. The original, ungermi- 
nated sample in this case was not available. 

The total inositol (Table 6) shows a real loss 
during germination, and the differences between the 
batches are almost certainly a reflexion of the 
differing germination conditions. By calculating 
contents per seed the effect of weight loss during 
germination is automatically allowed for. It will be 
seen that with batch I there is a real loss of 10-7% 
after 10 days’ germination; but in batch II there is 
a real loss of 22-7 % between the second and twelfth 
days. The full loss from the ungerminated seed over 
12 days’ germination must be higher still. 

On the other hand, there are gains of over 200 % 
and of over 100% of free inositol in the respective 
batches (Table 7). Ona weight per seed basis, how- 
ever, there is in fact an overall loss of inositol 
liberated during germination. Thus with batch I 
the bound inositol (difference between free and total) 
shows a loss of 15-9 yg./seed, which is only partly 
accounted for by a gain in free inositol of 6-3 pg./seed 
after 10 days’ germination. In the same manner the 
overall loss in batch II is even more marked. It 
might be inferred, although present evidence is not 
conclusive, that inositol liberated from bound 
forms during germination is lost in the metabolic 
processes involved. 

The release of inositol by autolytic enzymes will be 
conditioned largely by the circumstances of germina- 
tion. With the autolytic enzymes (Table 8) it will be 
seen that the rate of liberation of inositol increases 
as germination proceeds, but after about 10 days’ 
germination there was a considerable decrease, 
presumably owing to a fall in enzyme activity. 
However, the values obtained in this way fall con- 
siderably short of those obtained by chemical means. 
Even after such «, prolonged period of incubation as 
714hr. the mean value for the four germinated 
samples is only 69% of the chemical value. 

Where added phytase was the only operating 
enzyme (Table 9), no significant increase in inositol 
liberated was observable after 408 hr., and the 
phytase-liberated inositol averaged as high as 95% 
of that indicated by the chemical method. For 
estimating total inositol the chemical method is 
much more speedy than the phytase method; 
results by the latter indicate that the bound form of 
inositol is almost exclusively phytin. 

It is not possible to do more than indicate results 
in relation to lipid inositol. In addition to the 
difficulties already mentioned, it should also be 
pointed out that whereas inositol is usually re- 
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garded as ‘insoluble’ in ethanol and other fat 
solvents, it is nevertheless impossible to extract 
with such solvents without removing some inositol 
dissolved out by water present. It is necessary to 
assay before and after hydrolysis to distinguish 
between ‘water-soluble’ and lipid inositol. The 
amount of lipid inositol is less than 1 yg./seed. 
Further experiments are proceeding with solvents 
rendered as near absolute dryness as possible. 


SUMMARY 


1. The assay of inositol by Schizosaccharomyces 
pombe is used in a study of inositol in germinating 
oats. The organism is unaffected by fats, fatty acids 
and choline. 

2. Methods for assessing total and free inositol 
are described. Liberation of inositol from bound 
forms, chiefly phytin, by autolytic enzymes and by 
added phytase, are studied. 

3. During germination there is a net loss of 
inositol. A decrease in bound forms of inositol is 
compensated only partially by an increase in free 
inositol. 

4. Lipid inositol may be separated and assayed 
with some difficulty but is present only in small 
amount. 
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Effects of Radiations on Catalase Solutions 
1. KINETIC STUDIES OF INACTIVATION 


By H. C. SUTTON 
Hugh Adam Department of Cancer Research, University of Otago Medical School, Dunedin, N.Z. 


(Received 17 February 1956) 


In his original studies of the inactivation of catalase 
solutions by X-rays, Forssberg (1945, 1946) showed 
that this sytem possessed somewhat peculiar kinetic 
properties. In this work the effects of various 
radiations on catalase solutions have been explored 
in some detail, in an attempt to explain these 
peculiarities. Some of the results have been re- 
ported briefly elsewhere (Sutton, 1955). 


EXPERIMENTAL 


Preparation of catalase. Crystalline catalase was prepared 
from fresh beef liver essentially as described by Sarkar & 
Sumner (1951), but without any alteration of the pH of the 
first catalase filtrate until the addition of the phosphate gel, 
which was previously adjusted to pH 5-7. The catalase was 
recrystallized in the needle form and was stored in suspen- 
sion in ammonium sulphate solution at 0°. For use, a portion 
was dialysed against several changes of twice-distilled water, 
and a strong (approx. 10 um) solution of the dialysed crystals 
was made up in 0-05 phosphate buffer. Such stock solu- 
tions were stored at 0° for some weeks without loss of activity. 
The dilute solutions used in irradiation studies were less 
stable, and were made up daily from this stock. Two pre- 
parations of crystals were used in these studies. The Kat.f. 
(Bonnichsen, Chance & Theorell, 1947) of the first prepara- 
tion was 49 600 at 21° and 39700 at 2°. The ratio « (275 my.)/ 
e (405 my.) was 1-08. If one assumes a molecular weight 
of 225000 then the enzymic rate constant for decom- 
position of hydrogen peroxide (s) was 1-71 x 107 1. mole~* 
sec.! at 2°, and 2-14 x 107 1. mole—! sec.—! at 21°. € (405 my) 
=2-85 x 10°. The properties of the second preparation were 
Kat.f. =40100 at 21°, s=2-16 x 1071. mole sec. —! at 21°, 
€ (275 mz.)/e (405 mp.) = 1-11, and € (405 mp.) = 2-99 x 105. 

Measurement of catalase activity. The substrate used was 
0-007 m-H,O, buffered to pH 7-0, or in some cases to 7-4. In 
early experiments the decomposition of this substrate was 
followed by the rapid-titration method of Bonnichsen, 
Chance & Theorell (1947) at 1-3°, and with sufficient catalase 
to obtain a half-reaction time of the order of-30 sec. In 
later work the reaction was followed at room temperature in 
4 cm. cells in a Unicam spectrophotometer (model SP. 500) 
by the method of Beers & Sizer (1952). Temperature could 
not be controlled in these measurements but it did not vary 
significantly throughout any one determination. When 
required, corrections for temperature variation were made 
with predetermined data. Deviations between duplicate 
measurements on the same catalase sample were less than 
3% by either method, but the second was much more 
convenient. The initial concentration of catalase in an 
untreated sample was calculated from activity measure- 
ments with the use of the rate constants reported above. 


X-irradiation technique. The X-ray source used in most of 
this work was a Westinghouse Quadracondex therapeutic 
X-ray machine (model 220), operated manually at 200 kv 
and 16 ma without external filtration. The half-value layer 
of this unfiltered radiation is 0-50 mm. of copper. Solutions 
were irradiated in Pyrex vessels placed in an ice or water 
bath ata point on the axis of the X-ray beam. The position 
of this point was varied according to the dose rate required. 
The ferrous sulphate chemical dosimeter was employed in 
measurements of dose rate in the following manner: 
A solution of 10-*m ferrous ammonium sulphate in 0-8N- 
H,SO, containing 10-*m-NaCl was irradiated in the same 
vessel and under the same conditions as those used in 
experimental runs. The concentration of ferric sulphate 
produced by the irradiation was determined by measure- 
ments of the optical absorption of the ferric sulphate at 
303 mp. In calculating the dose rate from such measure- 
ments, a yield of 16 mol. of ferric sulphate/100 ev (equivalent 
to 16 pmoles 1.“!/kr.) was assumed in conformity with recent 
measurements of this quantity. The yield is possibly slightly 
lower with the radiation employed, but this was ignored. 

Intermittent radiation. In experiments with intermittent 
radiation a Philips Contact therapy X-ray machine 
operating at approximately 40 kv and 2 ma was employed. 
The unfiltered output of this machine (half-value layer = 
0-14 mm. of aluminium) was directed vertically downwards 
on to the catalase solution, which was contained in a shallow 
uncovered vessel seated in an ice or water bath. Catalase 
solutions (10-$m) were placed 0-57 cm. deep in a vessel of 
4-7 cm. diameter at 8-8 cm. from the X-ray focal spot. The 
dose rate varied by a factor of five between extreme points 
of the irradiated solution, but this does not affect results 
based only on comparisons since the same dose rate distri- 
bution was maintained in each experiment. Catalase 
solutions (5 x 10-8) were placed 0-21 em. deep in a vessel of 
2-8 cm. diameter at 4-3.cm. from the focal spot. In this 
instance variations of dose rate did not exceed a factor of 
two. The average dose rate in both cases was determined 
with ferrous sulphate dosimetry, again with the assumption 
of a yield of 16 mol./100 ev. 

Intermittent irradiation was obtained by chopping the 
X-ray beam with a metal sector of 30 cm. diameter, rotating 
in a horizontal plane 2-5 cm. below the X-ray focal spot, and 
of such design that any point in the irradiation vessel was 
exposed to the X-rays for one-quarter of each half revolution 
of the sector. For the remainder of each half revolution the 
vessel was screened from the X-rays by 1-1 mm. of brass plus 
1-0 mm. of aluminium. The screen reduced the intensity of 
the X-ray beam by a factor of more than 10*, and the 
radiation transmitted through the screen had no observable 
effect on catalase solutions. The rotation of the sector was 
controlled by a motor and gearing system. 
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Irradiations with ultraviolet rays. A low-pressure mercury 
‘resonance’ lamp (type T/M5/544A, supplied by Thermal 
Syndicate Ltd.), operated at 16ma and approximately 
300 v, was used as the source of radiation. Such lamps emit 
virtually all their ultraviolet radiation at the two wave- 
lengths 253-7 and 184-9 my. In most of the experiments the 
unfiltered output of this lamp was directed on to solutions 
contained to a depth of 0-17 cm. at room temperature in 
uncovered glass vessels, mounted at 6 cm. below the lamp. 
No attempt at actinometry was made, since most of the 
results are based on comparative measurements at constant 
incident intensity. Known fractions of this intensity were 
obtained with a grid placed immediately below and touching 
the lamp. The lamp was always warmed up for more than 
5 min. before use, and measurements of voltage and current 
were made during irradiations to check the constancy of 
running conditions. 

a-Irradiations. Radon and its decay products were used 
as the source of «-radiation. The technique employed is 
described below: 

A 5 ml. glass syringe was coated with a monolayer of the 
organosilicon compound known as Desicote (Beckman 
Instruments Inc.). This syringe was partially filled with 
2-5 ml. of radon solution in the manner described by Gray & 
Scholes (1951), but with the use of glass joints instead of 
rubber connecting tubing. The syringe was left for 2-3 hr. in 
order to obtain secular equilibrium between the radon and 
its decay products, and its radon content was checked 
immediately before use by comparison of its y-activity with 
that of a known amount of radon. The syringe was then 
coupled with a ground-glass joint to a second syringe of 
20 ml. capacity, also treated with Desicote, and containing 
12 ml. of catalase solution. At zero time the two solutions 
were mixed, and the mixture was left in the 20 ml. syringe 
for the desired exposure time. The 5 ml. syringe was then 
removed, a glass U-tube leading to an air supply was con- 
nected in its place, the plunger was removed from the 20 ml. 
syringe, and at time ¢ air was bubbled through the catalase 
and radon solution for 3 min. All operations up to this 
stage were performed in a fume cupboard with a strong 
draught. Portions of the catalase solution (now free of 
radon) were removed with a syringe for determinations of 
catalytic activity in the open laboratory at intervals of 
10 min. The activity at time ¢ was obtained by extrapolation 
from these measurements. 

The «-radiation emitted during these operations is com- 
pletely absorbed in the solutions in which it is generated, 
and is derived from radon (half life of 3-8 days) and two of 
its decay products, namely RaA (half life of 3-05 min.) and 
RaC (half life of 19-7 min.). The rate of dissipation of «-ray 
energy in the catalase solution is readily calculated from the 
known energy of each of these radiations, provided that the 
concentrations of radon, RaA, and RaC are known. Infor- 
mation on this point was obtained from measurements at 
various intervals of the y-activity of portions of the 
apparatus and samples of the solutions; a well-shielded 
Geiger counter responding chiefly to RaC was used for this 
purpose. Amounts of radon were determined by similar 
measurements on samples which had been sealed for some 
hours in order to attain secular equilibrium. From these 
measurements it was shown that (a) all the radon present in 
the 5 ml. syringe remained in solution and was mixed with 
the catalase solution, (b) the air-bubbling procedure 
removed 99 % of the radon in 1 min. and more than 99-9 % 
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in 3 min., and (c) approximately 20% of the RaC present in 
the 5 ml. syringe remained adsorbed on its walls and was not 
injected with the radon into the catalase solution. Approxi- 
mately 35% was retained on the walls of syringes which 
were not treated with Desicote. 

Since the active deposit is formed initially in solution, one 
factor which determines the fraction adsorbed on the syringe 
walls is the time available for the process. One might there- 
fore expect that the fraction of RaA adsorbed would be less 
than that of RaC, owing to the former’s smaller half life. 
This was verified by studies of the a-activity of a glass 
plunger immediately after removal from a syringe of radon 
solution in secular equilibrium. If the number of millicuries 
of RaA adsorbed on the plunger is as large or comparable 
with that of RaC then the «-activity would decay initially 
with a halflife of 3 min. No evidence of such behaviour was 
observed; the decay of «-activity during the first hour of 
measurement could be expressed approximately by a half 
life of 40 min. 

In estimating concentrations of decay products in the 
catalase solution it was assumed, therefore, that of the 
known amounts present in secular equilibrium with the 
radon in the 5 ml. syringe, all of the radon, all of the RaA, 
and 80 % of the RaC were mixed with the catalase solution. 

Experiments with added hydrogen peroxide. The final 
experiments on this subject were performed as follows. 
A glass reservoir connected to a fine glass nozzle was used to 
direct a steady stream of hydrogen peroxide solution at the 
rate of 0-46 ml./min. on to the inside wall of an uncovered 
irradiation vessel, containing a known volume (generally 
4 ml.) of catalase solution. Addition of hydrogen peroxide 
was begun 45 sec. before irradiation, and was continued until 
the end of the exposure. The solution was stirred constantly 
with a slowly rotating magnetic stirrer during this addition, 
and the final volume was determined by weight. 

This procedure by itself caused a small loss of activity of 
approximately 5% in 3 min., and allowance was made for 
this in assessing the inactivation due to irradiation. This 
mechanical inactivation was not due to the added hydrogen 
peroxide since the same result was obtained when water was 
added. 

Determination of hydrogen peroxide. Concentrations of 
hydrogen peroxide in irradiated water were measured 
colorimetrically with the titanium sulphate reagent at 
410 mz. 

Materials. The hydrogen peroxide used in catalase 
activity measurements was diluted from AnalaR reagent 
stock. That used for addition to irradiated solutions was 
diluted from inhibitor-free hydrogen peroxide, kindly 
supplied by British Drug Houses Ltd. The water used in 
irradiated solutions was redistilled from alkaline potassium 
permanganate solution in an all-glass still. 


RESULTS AND DISCUSSION 
Nature of inactivation curve 


Fig. 1 illustrates the manner in which the activity 
of an aerated catalase solution is diminished by 
X-irradiation at constant dose rate. The activity of 
each sample was measured less than 10 min. after 
irradiation, and is recorded as a percentage of the 
activity of the diluted stock solution from which it 
was taken. The activity of irradiated solutions was 
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not entirely constant, in some cases a partial 
recovery of activity was observed, particularly in 
concentrated solutions made from freshly prepared 
crystals. In general this recovery was slow, and in 
all reported experiments it was negligible within 
10 min. 

Inspection of Fig. 1 shows that the initial portion 
of the inactivation curve follows the exponential 
relation A/A y=exp (—kt), where A/A, denotes the 
fraction of initial activity remaining after an 
exposure of ¢ sec., and the coefficient k denotes the 
rate of. inactivation. When the exposure time is 
increased above 5 min. this relation is no longer 
observed, and the behaviour with still longer 
exposures was somewhat erratic. The effects of 
short exposures were quite reproducible with 
samples of any one catalase solution, and to a lesser 
extent with solutions of the same concentration 
made up on successive days. This is illustrated in 
Fig. 1 by the behaviour of three solutions of identical 
initial activity, one of which was prepared from 
catalase crystals kindly supplied by Professor 
J. B. Sumner. 

It must be emphasized that reproducible results 
could be obtained only with due attention to cleanli- 
ness, and with solutions which were freshly diluted 
each day from the concentrated stock. Thus a dilute 
solution would occasionally display anomalously 
low radiation sensitivity if kept for a day or more 
before irradiation; this behaviour was accelerated 
: by shaking the solution in glass vessels or by 
bubbling gases through it, and the effects of irradia- 
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tion were markedly reduced if the solution was 
allowed to touch the hand. Such procedures had 
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Fig. 1. Inactivation of catalase in aerated aqueous solu- 
tions at 0° and pH 7-4 by X-irradiation at 642 r./min. 
The points (@) relate to 10-*m catalase, (O) to 10-°m 
catalase in 1-36 x10-*m sodium chloride, and (A) to 
10-°m catalase, prepared from crystals supplied by 
Professor J. B. Sumner. 
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virtually no effect on the activity of the solution. 
Somewhat similar difficulties have been mentioned 
by McDonald (1955) in her studies with solutions of 
crystalline trypsin. 


Effect of variables on the kinetics of inactivation 


A study of the inactivation under various condi- 
tions revealed the following features: with irradia- 
tion times less than 4 or 5 min. the inactivation 
curve in all cases was of the exponential form shown 
in the initial portion of Fig. 1, though in concen- 
trated solutions and with high dose rates this 
exponential behaviour was maintained for longer 
exposures. The variation of the rate of this initially 
exponential inactivation with concentration (C) and 
dose rate (R) at 0° and pH 7-4 is shown in Fig. 2. 
Inactivation rates are expressed in k units, defined 
by k= {In(A,/A)}/t. Evidently k is a somewhat 
complex function of both C and R, as Forssberg 
observed in his original studies of this system in 
1945. If we express k as proportional to C™R”, then 
at 642 r./min. m has the value of —0-16 over the 
concentration range 2 x 10-°m—10-8M, and decreases 
to —0-2 over the concentration range 10-§m— 
5x10-8m. At 29r./min. the values of m observed 
over the same concentration ranges were — 0-34 and 
—0-53 respectively. The variation of m with C 
suggests that a limiting value might be attained at 
large concentrations. Smith (1954), using impure 
catalase solutions, has in fact observed the limiting 
value of m= — 1 at concentrations much higher than 
those studied here. 

The most striking feature of these results lies in 
the magnitude of the dose-rate exponent, n. 
Average values of n over the 22-fold variation in 
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Fig. 2. Variation of initial inactivation rate with catalase 
concentration and dose rate. Catalase solutions at 0° and 
pH 7-4 were irradiated with X-rays at 642 r./min. 
(@), and at 29 r./min. (OQ). 
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dose rate shown in Fig. 2 range from 0-35 in 
0-2 x 10-§m solution to 0-61 in 5 x 10-$m solution. 
The data of Forssberg (1945), when expressed in 
this form, yield the value n= 0-21 over a 1000-fold 
variation in dose rate in solutions 0-32 x 10-°m 
irradiated at 20° and pH 6-8. A similar value may 
be calculated from Forssberg’s (1946) later publica- 
tion, but under unstated conditions. The fact that 
n is lower than 1, and indeed even lower than 0:5 
under certain conditions, is thus well established. 
The inactivating process must, therefore, involve 
an intermediary product of finite life, and experi- 
ments were made with intermittent irradiation to 
determine the magnitude of this lifetime. 


Studies with intermittent irradiation 


The apparatus described in the experimental 
section was used to irradiate catalase solutions 
through a rotating sector with an opening of one- 
quarter of a revolution. The average rate of catalase 
inactivation (k;) observed under these conditions is 
defined by the relation k;= {In (A,/A)}/f, where f is 
the total time of treatment (i.e. f=4r, where r 
denotes the total time in which radiation is trans- 
mitted by the sector to the solution). 

Let the lifetime of the intermediary be 7 sec., 
and the time taken by the open portion of the 
rotating sector to traverse a point in the X-ray 
beam be #, sec. Then the rate of inactivation (k;,) 
observed at a sector speed corresponding to t, 
should vary from a value denoted as k, at fast speeds 
such that t,; <7, to the value k, (4"-1) at slow speeds 
such that t,>7. Further, k;should coincide with the 
rate (k,) observed with continuous irradiation of 
-me-quarter of the dose rate obtained during open 
portions of each cycle of the sector. 


100 


90 


80 


70 


60 


Residual activity (°%) 


50 


0 5 10 
Time of treatment (min.) 


Fig. 3. Inactivation of 10-*m catalase by intermittent 
X-irradiation. Aerated solutions at 0° and pH 7-4 were 
irradiated at 75 r./min. (O), at 300 r./min. (A), and at an 
average dose rate of 75 r./min. obtained by chopping the 
300 r./min. X-ray beam with a sector with an opening of 
one-quarter revolution, rotating at t, =0-005 sec. (@). 
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Preliminary experiments showed that k; coin- 
cides with k, under the conditions studied when t, 
is less than 0-1 sec. Fig. 3 shows the results of such 
an experiment in which catalase solutions, as 
specified in the legend, were irradiated (a) with 
continuous irradiation at 75r./min., and (b) at 
300 r./min. through the rotating sector run at 
t, = 0-005 sec. The effect of continuous irradiation at 
300 r./min. is shown for comparison. Evidently the 
effects of (a) and (b) are identical within the limits of 
experimental error. In subsequent experiments 
exposures were limited to 3 or 4 min. in order to 
obtain the values corresponding to the exponential 
portion of the inactivation curve. A series of 
measurements of k; at a desired value of ¢, was 
alternated with measurements of k, at t, = 0-08 sec. 
in order to obtain reliable values of k,/k,; with the 
same catalase solution. The results of such measure- 
ments are shown in Fig. 4. Owing to the restriction 
in exposure time it has not been possible to attain 
limiting values of k,/k, at large values of t, , but these 
have been calculated from the experimental value of 
n and are included in Fig. 4 for comparison. 

In the absence of detailed knowledge of the 
mechanism of inactivation a precise evaluation of 
from the data of Fig. 4 is not possible. Approximate 
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Fig. 4. Inactivation of aerated catalase solutions at 0° by 
X-irradiation through a rotating sector with an opening of 
one-quarter revolution. The ordinates are in units of 
k,|k;, where k; denotes the inactivation rate observed 
when the sector is run with an ‘on’ period oft, sec., and ky 
denotes the inactivation rate observed when t, <0-1 sec. 
Other conditions are (where J, denotes the instantaneous 
dose rate in the irradiated solution during ‘on’ periods of 
the sector): A, 10-*m catalase at pH 7-4, J, =300 r./min.; 
B, 5x10-8m catalase at pH7-4, J,=1700r./min.; 
C, 5 x 10-8 catalase at pH 6-0, J, =1700 r./min. 
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values, correct within at least an order of magnitude, 
have been assessed as one-quarter of ¢, at the point 
where k,/k, attains a value midway between its two 
extremes. On this basis we conclude that: (a) 7 is of 
the order of 1 sec. in 5 x 10-*m catalase solutions at 
0° and pH 7-4; (b) 7 varies approximately inversely 
as the catalase concentration in the range 10-8 
5x 10-8; (c) 7 is independent of pH between 6 
and 7-4. 


Role of hydrogen peroxide 


These values of 7 at once suggest that the inter- 
mediary may be hydrogen peroxide. Hydrogen 
peroxide is produced in all aerated solutions during 
X-irradiation, and in 5 x 10-§ catalase solutions it 
is decomposed at a rate corresponding to a mean 
lifetime of 1-15 sec. The magnitude of its lifetime 
varies inversely as the catalase concentration and is 
independent of pH between 6 and 8. From this 
equality of 7 with the lifetime of hydrogen peroxide 
one must conclude that hydrogen peroxide is in- 
volved in a rate-determining step of the inactivation 
process. 

Hydrogen peroxide itself is found to inactivate 
catalase solutions only when maintained at concen- 
trations of 10-4 or higher, whereas the concentra- 
tions attained in radiation experiments do not 
exceed 10-7m. One could envisage some type of 
effect similar to that observed by Alper (1952) with 
bacteriophage suspensions, in which their sensitivity 
to hydrogen peroxide was increased by other 
products of X-irradiation. To test this possibility 
hydrogen peroxide was added to catalase solutions 
before, during, and after a short exposure to X- 
irradiation at 825,1./min. The small degree of 
inactivation caused (generally about 10%) was 
compared with that observed in control experiments 
in which water was added to the catalase solutions 
during irradiation, instead of hydrogen peroxide. 
The addition of hydrogen peroxide did not increase 
the inactivation observed in control experiments, 
nor was any increase observed when the hydrogen 
peroxide so added was made by irradiating water 
with doses much higher than those used in the 
subsequent irradiation of the catalase. Evidently 
the hydrogen peroxide produced during irradiation 
does not cause inactivation of catalase. 

On the contrary, when the above experiments 
were repeated with longer exposures it was found 
that the effect of the X-irradiation was somewhat 
reduced by the addition of hydrogen peroxide. This 
protection by hydrogen peroxide is illustrated in 
Fig. 5 by the results of a typical experiment using 
the methods described in the experimental section. 
Hydrogen peroxide (2 x 10-%m, inhibitor-free) was 
placed in the reservoir, and was added at the 
average rate of 2 x 10-* mole 1.-1/sec. toeach portion 
of catalase solution before and during each exposure 


KINETIC STUDIES OF (CATALASE) INACTIVATION 


451 
to irradiation. This rate of addition of hydrogen 
peroxide exceeds by about 100 times the rate at 
which hydrogen peroxide is generated in the 
solution during irradiation at 825r./min. The 
effects of irradiation under such conditions at two 
dose rates are shown in Fig. 5B and are to be 
compared with those observed without external 
addition of hydrogen peroxide as shown in Fig. 5A. 
The protection is evidently most marked at low dose 
rates; in fact the dose-rate exponent (n) has been 
increased from 0-5 to nearly unity under the condi- 
tions illustrated. Hydrogen peroxide was found to 
protect the catalase only when it was added during 
irradiation. Solutions treated with peroxide an 
hour before irradiation were not protected. 
Further experiments have shown that the magni- 
tude of n may be correlated with the equilibrium 
concentration of hydrogen peroxide attained during 
irradiation. Afterirradiation for the first few seconds, 
hydrogen peroxide builds up to a concentration 
given by the relation [H,O.2).,.ui,,=4/s [catalase], 
where a denotes the total rate of addition of 
hydrogen peroxide to the system both externally 
and by radiation, and sis the catalytic-rate constant, 
which is assumed to remain unchanged even at the 
low concentrations of hydrogen peroxide which are 
considered. Chance (1947) has shown that s is 
at least approximately independent of hydrogen 
peroxide concentration over very wide ranges. The 
results of several experiments have been assessed on 
this basis, and are summarized in Table 1. Inspec- 
tion of these results shows that the protection 
afforded by hydrogen peroxide increases with the 
hydrogen peroxide concentration. Since, in the 
absence of externally added peroxide, the concen- 
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Fig. 5. Effect of hydrogen peroxide on the inactivation of 
catalase solutions by X-rays. The graphs in A show the 
effect of irradiation at 191 r./min. (O), and at 825 r./min. 
(@) on 3x 10-®M aerated catalase solutions at 18° and 
pH 7-0, without external addition of hydrogen peroxide. 
The graphs in B show the effect of irradiation at 191 r./ 
min. (A), and at 825 r./min. (A) on similar solutions to 
which hydrogen peroxide was added continuously at an 
average rate of 2-5 umoles 1.~!/sec. during irradiation. 
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ixpt. By radiation Externally Dose rate 
no. (x 108m/sec.) ( x 10°m/sec.) (r./min.) 

1 2-3 0 825 

2 0-53 0 191 

3 2-3 10* 825 

4 0-53 10* 191 

5 2-3 250 825 

6 0-53 250 191 
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Table 1. Effect of added hydrogen peroxide on the X-ray inactivation of 3 x 10-*m catalase solutions 


Rate of 
[Hy Oplequitiv. inactivation Dose-rate 
( x 108m) (relative units) exponent 
— pe 0-56 + 0-06 
22. i 
= = 0-75-4015 
= ro 0-95-40-07 


* Hydrogen peroxide in this experiment was made by irradiation of water. 


tration of peroxide attained during irradiation is 
proportional to the dose rate, it follows that the 
radiation sensitivity of a catalase solution decreases 
with increase in dose rate, and it is suggested that 
this is the explanation of the low values of the dose- 
rate exponent reported above. On this view the 
radiation sensitivity of a catalase solution is deter- 
mined by the hydrogen peroxide concentration, so 
that the lifetime as determined with intermittent 
irradiation should be that of hydrogen peroxide, as 
observed. The values of n recorded in Table 1 accord 
reasonably well with this interpretation, since n 
should, and does, approach unity as the rate of 
addition of hydrogen peroxide to the system is 
increased above that due to irradiation. 

Additional evidence for the above interpretation 
was found in studies with short-wave ultraviolet 
radiation, as described in the next section. 


Effects of ultraviolet radiation 

An exposure of 90sec. to the output of the 
mercury resonance lamp under the conditions 
specified in the Experimental section reduced the 
activity of 4x 10-*m catalase solutions to 40% of 
their initial value. When a quartz-walled filter 
containing a layer of 1-3 cm. of aerated water was 
placed in the path of the radiation, no inactivation 
of catalase could be detected after 
exposure for some minutes. Since this filter trans- 
mits 80% of incident radiation of wavelength 
253 my., and practically 100 % of the visible output 
of the lamp, it is obvious that the inactivation 
caused by unfiltered radiation is not due to either of 
these components. The effective radiation must, 
therefore, be the remaining component emitted by 
such lamps, namely that of 184-9 my. wavelength. 
This 184-9 my. radiation is strongly absorbed in 
water, forming hydrogen peroxide as a reaction 
product. In confirmation of the identity of the effec- 
tive wavelength, it was found that the unfiltered 
radiation produced hydrogen peroxide in aerated 
water at the rate of 4x 10-° mole 1.-1/sec. under 
conditicns similar to those used above, and that this 


solutions 


rate was reduced to an undetectable value when the 
above filter was placed in the path of the radiation. 

With the use of various depths of water and 
solutions in the filter, estimates of their absorption 
coefficients at 184:-9mp. were obtained from 
measurements of relative initial rates of peroxide 
formation in the vessel below the filter, on the 
assumption that this rate is proportional to the 
incident intensity of 184-9my. radiation. The 
following values were obtained in this way: water, 
decadic linear co-efficient («)=1-5cem.—1; quartz. 
a=0-07 cm.—!; catalase, decadic molar coefficient 
(«) = 1071. mole-! em.—'; hydrogen peroxide, «= 150; 
phosphate buffer of pH 7-0, «=350. These values 
are approximate but are considered to be of the 
correct order of magnitude. On the basis of these 
values it appears that catalase solutions as irradi- 
ated above absorbed approximately 89% of the 
incident 184-9 mp. radiation, of which 58% was 
absorbed by the buffer (0-01M), 25% by the water, 
and only 6 % by the catalase. 

It seems possible, therefore, that the catalase 
inactivation was due to energy absorbed by the 
water and transferred to the catalase via certain 
products of water decomposition. The mechanism 
may in fact be analogous to that occurring in X- 
irradiated solutions. Direct action due to energy 
primarily absorbed by the catalase is not excluded 
since a small fraction of the incident energy certainly 
is so absorbed, but certain kinetic evidence has been 
obtained in support of the former view. 

This kinetic behaviour is illustrated in Fig. 6. In 
these experiments 1-5 x 10-°m catalase solutions 
were irradiated (a) as specified above and (6) under 
similar conditions but through the rotating sector 
used in X-ray experiments. The sector was rotated 
at 90rev./min., corresponding to #¢,=0-083 sec. 
Results show that the shape of the inactivation 
curve is similar to that observed with X-rays, 
though exponential inactivation is maintained for 
smaller times of irradiation. More striking is the 
fact that the initial inactivation rate in (6) is 
0-42 + 0-05 of that in (a). Since this value is greater 
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than 0-25 by a margin well outside experimental 
error, one concludes that the dose-rate exponent in 
this system is less than unity, and the lifetime of the 
intermediary involved is greater than 0-1 sec. 
Measurements of the dose-rate exponent in 
4-8x10-8m catalase solutions with continuous 
irradiation yielded a mean value of 0-64 + 0-2. This 
is subject to large error because of the small range 
of exponential behaviour, and the same reason 
precluded a more accurate estimate of the lifetime 
of the intermediary. Nevertheless, the kinetic 
analogy with X-irradiated systems is well estab- 
lished, and was further confirmed in studies of the 
effect of added hydrogen peroxide. When the con- 
centration of peroxide present during irradiation was 
raised from its normal value (of the order of 10-°m) 
to 1-7x 10->m by external addition, the rate of 
inactivation of 4-8 x 10-°m catalase solutions was 
very approximately halved. This protection is not 
due to an inner-filter effect since the above concen- 
tration of peroxide absorbs a negligible fraction of 
184-9 muy. radiation. 

Thus it is established that the production of 
hydrogen peroxide in water by 184-9 muy. radiation 
as well as by X-rays is accompanied by low values of 
the dose-rate exponent for catalase inactivation, 
and further that hydrogen peroxide protects against 
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Fig. 6. Inactivation of aerated catalase solutions by 
184-9 my. radiation. Catalase solutions (1-5 x 10-§m) at 
18° and pH 7-0 were irradiated through a quarter-open 
sector rotating at #,=0-083 sec. (O), and without the 
sector but under otherwise similar conditions (@). 


Table 2. 


Amount of a-Ray 
Expt radon dose rate 
no. (mc) ( x 10-ev/ml. sec.) 
1 0-02 0-07 
2 0-06 0-26 
3 0-96 4-26 
+ 3°75 16-15 
5 5:36 23-3 
6 23-0 90-5 
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inactivation in both systems. This observation 


lends further support to the conclusions of the 
previous section. 


Effect of «-radiation 


The effect on catalase solutions of the «-, B- and 
y-Tays emitted by radon and its decay products 
was determined by the method outlined above. The 
mechanical treatment of the catalase involved in 
this method caused some loss of activity, and 
estimates of the effect due to radiations could be 
obtained only by comparisons with control experi- 
ments in which the same procedure was followed 
with radon solutions of negligible activity, pre- 
pared from very old radon seeds. Two further control 
experiments were also performed. In the first, a 
catalase solution was treated with a radon solution 
of negligible activity in the usual manner. Half of 
this preparation was irradiated in the 20 ml. 
syringe with X-rays for 10 min. at approximately 
500 r./min., air was then bubbled through for 
3 min., and it was assayed as usual. The other half 
was left in a similar syringe, air was subsequently 
bubbled through, and then it was assayed at the 
same times as the first portion. The activity of the 
X-irradiated sample was 35 % of that of the other 
sample. This is the degree of inactivation expected 
of such a dose of X-rays on the basis of previous 
data, so that the treatment with radon solutions has 
not rendered the catalase insensitive to radiation. 
In the second experiment an approximate check 
of the «-ray dose rate was made by observing the 
rate of oxidation of ferrous sulphate by radon 
solutions under irradiation conditions identical 
with those used in catalase experiments. An 
exposure of 76 min. at an «-ray dose rate estimated 
by the usual procedure as 1-01 x 10" ev/ml.sec. 
produced 7-61 x 10-' ferric sulphate. This corre- 
sponds to 9-9 molecules of iron oxidized/100 ev, as 
compared with the value of 5-9 reported by Miller & 
Wilkinson (1954) for «-rays. Owing to the presence 
of B- and y-radiation and to other uncertainties the 
two values are not strictly comparable, but the 
result suggests nevertheless that the actual dose 
rate is at least as high as that estimated. 

The results obtained in the main series of experi- 
ments are shown in Table 2. The second column 


Effect of «-radiation on catalase solutions 


Exposure Catalase Residual 
time conen. activity 
(min.) ( x 108m) (%) 
26 1-9 77 
2 1-1 90 
7 0-8 82 
13 1-9 85 
6-5 1-7 77 
10-5 1-7 79 
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shows the amount of radon mixed with the catalase 
solution, the third shows the estimated rate of 
dissipation of «-ray energy in the catalase solutions, 
and the final column shows the residual activity of 
the catalase at the end of the exposure to radon. 
Inspection of these results shows that the inactiva- 
tion observed is independent of the intensity of «- 
irradiation over the range studied, and must be 
attributed to the mechanical effects involved in the 
treatment. It is difficult to assess the limits of error 
in this statement, but if one plots the observed 
inactivation as a function of time of treatment and 
takes Expts. 1 and 2 as controls, it appears that the 
inactivation due to irradiation for 10-5 min. in the 
extreme case of Expt. 6 is less than 10%, and is 
probably zero. X-irradiation at 90 x 10% ev/ml.sec. 
(900 r./min.) would cause 10% inactivation in 
45 sec. under similar conditions, so that on this 
basis the inactivating efficiency of radon radiation is 
less than 7:5% of that of X-rays. Since a small 
fraction (probably less than 4%) of the energy 
dissipated by radon radiation in these solutions is 
due to f- and y-rays with inactivating efficiency 
comparable to that of X-rays, it is evident that the 
inactivating efficiency of the «-rays is even lower 
than the above estimate. 

Alpha radiation produces hydrogen peroxide in 
aerated water in approximately the same yield per 
unit energy dissipation as is observed with X-rays. 
A yield of 1-7 molecules of hydrogen peroxide/ 
100 ev is reported by Anta & Lefort (1954) with the 
a-rays from polonium, as compared with a yield of 
2-2 similar units observed by Sutton (1952a@) with 
X-rays. It follows from the low inactivating 
efficiency of x-rays relative to that of X-rays that 
inactivation is not due to hydrogen peroxide. This 
conclusion conforms with that obtained above by 
independent methods. 


Mechanism of inactivation 

Forssberg (1945) concluded that the inactivation 
of catalase in aqueous solution by X-irradiation 
proceeds by an indirect mechanism in which the 
energy absorbed by the water is transferred to the 
catalase via certain products of water decomposi- 
tion. The results of these studies conform fully with 
this conclusion and for similar reasons, namely, 
(a) an inactivation yield as high as 0-02 molecule 
inactivated/100 ev absorbed in the solution was 
observed under certain conditions, and still higher 
values would be obtained at lower dose rates; 
(b) the dose-rate exponent was found to be less than 
unity, and (c) evidence of suppression of the X-ray 
effect by small concentrations of iodide ions and 
other agents was found in the course of this work. 
The observed dependence of inactivation rate on 
catalase concentration also conforms with this view 
if one assumes that the fraction of available inter- 
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mediates which react with the catalase increases 
with the catalase concentration over the range 
studied. 

Among the established products of X-irradiated 
water are the radicals OH and H, and the molecular 
products hydrogen and hydrogen peroxide. It has 
been shown that hydrogen peroxide acts as a rate- 
determining intermediary in this system but that 
its role is one of protection and not inactivation. 
The inactivation must therefore be attributed to 
other primary products and most probably to either 
or both of the radicals OH and HO,, since the H 
atom is known to be oxidized to HO, in aerated 
solutions. The hydrogen peroxide produced in 
water by «-rays is also accompanied by a small yield 
of these radicals. From the literature reviewed by 
Hart (1954) and Allen (1954) it appears that this 
yield per unit energy dissipation is in the range of 
7-14% of that obtained with X-rays, so that one 
might expect the inactivating efficiency of these 
two radiations in catalase solutions to be in the 
same proportion. Results indicate that «-rays are 
somewhat less effective than this proportion would 
require. This may be due to differences in distribu- 
tion of the radicals obtained from the two radiations, 
but in any case the small discrepancy is scarcely 
outside the limits of experimental error, and does 
not invalidate the assumption that the radicals OH 
and/or HO, are responsible for inactivation. 

Other investigators (e.g. Dainton & Rowbottom, 
1953) have shown that the HO, radical may have 
a lifetime of the order of seconds under certain con- 
ditions, and it is therefore of interest to note that 
while the results obtained with intermittent radia- 
tion show that the rate of inactivation is largely 
controlled by an intermediate with the lifetime 
of hydrogen peroxide, they do not exclude the 
possibility that a second intermediate of longer 
lifetime such as HO, may play a minor role. This 
could be decided only by exploring larger values of 
t, than were possible in these studies. 

Sutton (19526) concluded from 
protection by hydrogen that the OH radical is the 
inactivating agent in this system. It must be 
pointed out that this conclusion does not necessarily 
apply to the present investigation, since the 
hydrogen protection experiments were performed 
with an impure sample of catalase and the results 
could not be wholly confirmed in this work. 

In view of the observed similarities of the effects 
of 184-9 mp. radiation and of X-rays, and of the 
energy-absorption data relating to the former 
radiation, the question arises whether the primary 
intermediates in the two systems may be similar. 
One primary product common to both systems is 
hydrogen peroxide, but this, alone, does not 
explain the similarity since the peroxide acts only 
as a protecting agent. The primary products of 
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184-9 mu. irradiation of water are not well estab- 
lished. The absorption coefficient of aerated water 
which was reported above is about what one might 
extrapolate from Kreusler’s (1901) measurements 
of the absorption coefficient of water at 186 and 
193 my., but it is more than 10* times higher than 
could be attributed to dissolved oxygen. The true 
light acceptor therefore appears to be water, and 
possible primary products of this radiation are 
hydrogen and excited oxygen atoms. Professor 
F. S. Dainton (private communication) suggests 
that hydrogen peroxide formation by this radiation 
may be due to reaction of the oxygen atom with 
water. No definite conclusion regarding the nature 
of the inactivating intermediary is possible from 
the data available, but the similarities of the effects 
when compared with those of X-rays strongly 
suggests that the two radiations may act by a 
common mechanism. If this conclusion is confirmed 
it may well prove to be of general application. 

With regard to the secondary reactions of this 
evidently complex inactivation mechanism, it 
appears from these studies that the low values of the 
dose-rate exponent observed with both X-rays and 
184-9 mp. radiation, the lifetime measurements 
with intermittent radiation, and the relative 
efficiencies of X- and «-rays may all be satisfactorily 
correlated with the protecting action of hydrogen 
peroxide. The mechanism of this protecting action in 
relation to the inactivation process will be the 
subject of a further paper. 


SUMMARY 


1. The inactivation of dilute aqueous solutions 
of catalase by small doses of X-rays proceeds 
exponentially at a rate proportional to a power (7) 
of dose rate, where n is less than unity. 

2. Studies with intermittent X-irradiation have 
shown that the lifetime of the intermediary re- 
sponsible for this low value of n is of the order of 
seconds under particular conditions, and is equal to 
the lifetime of hydrogen peroxide in the irradiated 
solutions. 

3. Addition of hydrogen peroxide to catalase 
solutions during X-irradiation reduces the inacti- 
vating effect of the radiation, and also increases n up 
to a limiting value of unity attained at high rates of 
addition. 
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4. It is suggested that protection by hydrogen 
peroxide produced by radiation is the cause of the 
low values of n. 

5. Similar kinetic properties are exhibited by 
catalase solutions irradiated with 184-9 my. radia- 
tion. This is attributable in part to protection by 
hydrogen peroxide produced by radiation, but 
there is also evidence that the primary products of 
184-9 my. radiation on water may be similar to 
those produced by X-rays. 

6. The inactivating efficiency of a-rays on 
catalase solutions is less than 7 % of that of X-rays. 

7. The primary reactions of the inactivation 
mechanism are considered. In the case of X-rays, 
the radicals OH and/or HO, are probably the 
primary inactivating agents. 

The author wishes to express his thanks to Dr J. Read, 
Professor N. L. Edson and Professor F. 8. Dainton for 
helpful discussions; and toacknowledge the generous assist- 
ance of the staff of the Radiotherapy Department of the 
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performed. Thanks are also due to the Director and Staff of 
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Previous studies of the inactivation of catalase 
solutions by X-rays (Sutton, 1956) have shown that 
hydrogen peroxide exerts a protecting action. The 
question arises whether this protection is associated 
with the known complexing action of hydrogen 
peroxide on the iron centres in catalase. This 
possibility is explored in the present work, together 
with the effects of other iron-complexing agents on 
the radiation sensitivity of catalase. The results 
throw some light on the mechanism of inactivation 
induced by radiation. 


EXPERIMENTAL 


Irradiation technique. The apparatus and method used for 
irradiations with X-rays and 184-9 muy. radiation were the 
same as those described previously (Sutton, 1956). 

Determination of catalase. Measurements of catalytic 
activity were performed at room temperature by spectro- 
photometric observations of the rate of decomposition of 
0-007 m hydrogen peroxide at pH 7, with due allowance for 
the optical density of the fully decomposed solutions. 

Inhibition of catalase. Measurements of catalytic inhibi- 
tion were made by adjusting substrate and catalase to the 
desired concentration of inhibitor before mixing, and 
comparing the rate of peroxide decomposition so observed 
with that in inhibitor-free solutions. In the case of hydrogen 
cyanide the inhibition was so quickly reversible that the 
degree of inhibition was determined only by the final con- 
centration of cyanide in the mixture, regardless of initial 
concentrations in the substrate and catalase. 

Inactivation studies. The general procedure was as follows: 
Catalase solutions, generally 2 x 10-*m, were made up to 
such a concentration of inhibitor as was determined by the 
degree of inhibition required. The activity of dilutions of 
such solutions was measured before and after irradiation for 
2-3 min. at 800 r./min. by injecting a portion (generally 
0-5 ml.) of catalase solution into 10 ml. of inhibitor-free 
substrate, and observing the rate of peroxide decomposition. 
In this way the inhibiting action of hydrogen cyanide was 
largely reversed during activity measurements, so that 
strongly inhibited solutions could still be assayed. 

Spectroscopic determinations. A Unicam spectrophoto- 
meter (model SP. 500) was employed for these measure- 
ments. In order to minimize the concentration of catalase 
required for optical absorption measurements, cells of 
10 cm. length were employed in measurements of the spectra 
of solutions before and after irradiation. 

Materials. Catalase solutions were prepared from the 
crystalline catalase described previously (Sutton, 1956). 
Hydrogen peroxide and potassium cyanide were of AnalaR 





reagent quality. Solutions of hydrogen cyanide were 
freshly prepared each day by dissolving potassium cyanide 
in buffer of pH 7. Hydroxylamine solutions were made from 
AnalaR hydroxylamine hydrochloride. Sodium azide was of 
commercial grade. 


RESULTS 
Dissociation constant of catalase cyanide 
Since the magnitude of this quantity depends on the 
nature of the catalase it was necessary to determine 
it for the enzyme studied. In agreement with 
Chance (1949) it was found that measurements of 
catalytic inhibition in hydrogen cyanide at pH7 
could be expressed satisfactorily by the relation 
K x/(Ao/A,—1), 

where K;,,,,, denotes the dissociation constant as 
determined by this method, A, denotes the un- 
inhibited activity, and A, denotes the activity 
observed when the hydrogen cyanide concentration 
is x moles/l. The results yielded the value 

# a 2, OF —6 

K, nm, = 3°0 + 0°25 x 10-*m. 


inhib. — 


A second determination of the dissociation 
constant was made by measurements of the optical 
absorption of 3 x 10-’m catalase solutions in 4 em. 
cells at 425 my. (the peak of the Soret band of 
catalase cyanide) in various concentrations of 
hydrogen cyanide. The dissociation constant was 


obtained from these measurements with the 
relation 
K =[HCN] [free catalase]/[catalase cyanide] 


spect. 
=x (AD,,,,/AD,—1), 

where AD,,,. denotes the difference in optical 
densities at 425 my. observed between solutions of 
free cataiase and of catalase saturated with hydrogen 
cyanide, and AD, denotes the value of AD observed 
when the hydrogen cyanide concentration is 
x moles/l. The spectroscopic data were well fitted 
by this equation and yielded the value 

K = 2-93 + 0-25 x 10-*M, 


in close agreement with K,,,,-_ Chance (1949) has 
observed somewhat higher values of these constants, 


max. 


spect. 


namely, 

K 
but the results obtained by the two methods were in 
mutual agreement. 


=4x 10-'M, 


spect. 


p= 4:7 x 10-6, and K, 


inhi 








56 


ere 
‘ide 
‘om 
sof 


she 


ith 
of 
5 


ion 
ical 
m. 

of 

of 
vas 
the 


ical 
3 of 
yen 
ved 

is 
ted 


has 
its, 


ein 





Vol. 64 


Effect of hydrogen cyanide on the inactivation 
of catalase induced by radiation 


It has been shown in the previous paper of this 
series (Sutton, 1956) that the inactivation of catalase 
solutions by X-rays proceeds exponentially during 
the first 2 or 3 min. of irradiation. The same type of 
behaviour was observed when hydrogen cyanide was 
added to the catalase solutions, so that we may 
define the rate (k,) of this X-ray induced inactiva- 
tion by the relation k,={In (C,/C),}/t, where 
(C/C,), denotes the fraction to which the initial 
activity of a catalase solution in hydrogen cyanide of 
molarity x is reduced, after irradiation for t sec. The 
method of determining the activities of catalase 
plus cyanide solutions before and after irradiation, 
and hence of evaluating the ratio (C,/C),, was 
explained in the Experimental section. The 
activity actually measured is that of a diluted 
sample of the original solution, so that the inhibition 
caused by the cyanide is reversed to a known degree. 

In a series of experiments with 2 x 10-°m catalase 
solutions at pH 7, containing various concentra- 
tions of hydrogen cyanide, it was found that the rate 
of inactivation at constant dose rate was diminished 
by hydrogen cyanide in a manner directly related to 
the inhibiting action of this agent (Fig. 1). A 
constant time of irradiation (2-25 min.) was 
employed in these experiments such that (C/C,) 
was 0°57. In Fig. 1 the ordinates denote the ratio 
(k,/ky) of the inactivation rate observed in hydrogen 
cyanide of molarity x to the rate when x = 0; and the 
abscissae denote the fraction (A,/A,) to which the 
activity of catalase is inhibited by the same molarity, 
z, of hydrogen cyanide. Tt was shown in control 
experiments that X-irradiation had no effect on 
solutions of hydrogen cyanide of concentration 
10-*m under the used in catalase 
irradiations. 

The effect of hydrogen cyanide on the inactiva- 
tion caused by 184-9 my. radiation was also ob- 
served in a few experiments. It was found that 
10-*m hydrogen cyanide completely suppressed the 
inactivation, and 10-7m hydrogen cyanide had no 
measurable effect. 


conditions 


Effects of radiation on the absorption 
spectrum of catalase 


Fig. 2 shows the absorption spectrum of 7 x 10-§u 
catalase at pH 7 before and after X-irradiation with 
5200 r. at 650 r./min. Two effects of radiation are 
apparent, namely (a) the absorption in the protein 
portion of the molecule at wavelengths less than 
300 my. is increased, and (b) the absorption 
associated with the iron centres at 405 mu. is 
decreased. Dale & Russell (1955) have reported 
similar effects of X -irradiation on more concentrated 
solutions of catalase. The decrease of absorption in 
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So 


2 
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Relative inactivation rate (k,/ko) 





0 05 1 
Relative enzymic activity (A,/Apo) 


Fig. 1. Effect of hydrogen cyanide on the inactivation of 
catalase solutions by X-rays. Catalase solutions 
(2 x 10-8) containing various concentrations of hydrogen 
cyanide were irradiated for 2-25 min. at 800 r./min. The 
ordinates denote the ratio (k,,/k)) of the inactivation rate 
observed in cyanide of molarity x to that observed in 
eyanide-free solutions, and the abscissae denote the 
inhibiting power of hydrogen cyanide expressed as the 
fraction (A,/A,), to which the activity of catalase is 
inhibited by cyanide of the same molarity x. The inter- 
rupted curve is discussed in the text. 


Optical density in 10 cm. cell 





300 350 400 


Wavelength (mjz.) 


250 


Fig. 2. Effect of X-irradiation on the absorption spectrum 
of catalase solutions. The spectrum of 7 x 10-*m catalase 
at pH 7-0 is shown before (A), and after (B), irradiation 
with 5200r. at 650r./min. The irradiated solution 
possessed 20 % of its initial activity. 
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the Soret band at 405 my. was found to be partially 
reversible after small doses, and this reversible 
effect is probably due to the formation during 
irradiation of the catalase-hydrogen peroxide 
complex I, as described by Chance (1947). This 
complex has a somewhat smaller absorption co- 
efficient at 405myp. than catalase, and slowly 
reverts to catalase after removal of the hydrogen 
peroxide. 

Similar changes in the catalase 
spectrum were produced by 184-9 muy. radiation. 

The effects of X-irradiation on the absorption 
spectrum are reduced in the presence of hydrogen 
cyanide, in the manner shown in Fig. 3. The results 
of these experiments are expressed as optical 
density changes in three selected regions of the 
absorption spectrum, as observed after a fixed dose 
of 5200r. at 650r./min. Hydrogen cyanide itself 
has practically no influence on the absorption of 
catalase at wavelengths less than 300 muz., but it 
moves the peak of the Soret band to 425 muz., and 
reduces its intensity by a factor of 0-8. In order to 
compare radiation effects in the Soret band in 
catalase solutions containing hydrogen cyanide 
with those observed in free catalase, the changes of 
optical density at 405 and 425 mu. are expressed in 
Fig. 3 as the quantity AD,,,.., defined by the 
relation AD,,,..= AD +1/0-8 AD,, 


absorption 


Soret 405 my. 5 my. * 


A, /A 


X-ray inactivation 


k./ko 


5200 r.) 





Change of optical 








10-7 10-§ 10-5 10-4 10-3 1072 


Concn. of hydrogen cyanide (M) 

Fig. 3. Effect of hydrogen cyanide on the radiation sensi- 
tivity of catalase solutions. The lower three curves show 
the change of optical absorption observed in the Soret 
band (@), at 275 mp. (@), and at 255 my. (O), after 
irradiating 7x10-§m catalase solutions at pH 7-0 in 
hydrogen cyanide. The ordinates denote the change of 
optical density observed in 10 em. cells after a fixed dose 
of 5200 r. at 650 r./min. The method of expressing ADgoret 
is explained in the text. The upper two curves show 
the inhibiting effect of hydrogen cyanide on catalase 
activity expressed as A,/A,y (m), and the protecting 
effect of hydrogen cyanide against inactivation of 
catalase solutions by small doses of X-rays expressed as 
k,|ky( A). 
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For comparison with these results Fig. 3 also 
shows the effects of hydrogen cyanide on (a) 
inhibition of enzymic activity, expressed as 
A,/A, and (b) inactivation of catalase solutions by 
small doses of X-rays, expressed as k,/ky. 


Influence of other inhibiting agents 


Hydroxylamine. The reversible inhibition of 
catalase by hydroxylamine was found to occur 
with a dissociation constant of approximately 
4-8x10-7m. However, hydroxylamine was not 
found suitable for studies of the type illustrated 
above, since it is itself affected by X-irradiation. 
Thus when a catalase solution in 10-4m hydroxyl- 
amine was irradiated with 5200 r. at 650 r./min. its 
activity had apparently increased after irradiation 
when measured by the methods described for 
hydrogen cyanide. This was shown to be due to a 
decrease in the inhibiting power of the solution 
owing to radiation effects on the hydroxylamine. 
Curiously, the apparent activity of an irradiated 
catalase—hydroxylamine solution varied somewhat 
on standing. 

Sodium azide. The inhibition of catalytic activity 
caused by sodium azide was not fully reversible, and 
the influence of azide on the catalase absorption 
spectrum is difficult to interpret. Azide was there- 
fore rejected as a suitable inhibitor for these 


studies. 
DISCUSSION 


The inhibition of catalytic activity by hydrogen 
cyanide is due to the reversible formation of a 
complex of hydrogen cyanide with the iron atom in 
each haem group of catalase. The quantity A,/A, as 
defined above may be equated to (1—F’), where F 
denotes the fraction of haem groups so ‘complexed’. 
The results of the protection experiments shown in 
Fig. 1 clearly demonstrate that there is a definite 
relation between k,/k, and A,/A,, which can be 
expressed approximately by the equation 
k,/kg=A,/Ag- 

It follows that k,/k,j=(1—F). 

A reasonable explanation of this result is that 
those haem groups which are complexed with 
hydrogen cyanide are protected from inactivation. 
On this view the fraction F of the catalase is 
unaffected by radiation, while the fraction (1—F) is 
inactivated at the same rate (k)) as is observed in 
the absence of cyanide. Hence the fraction of the 
initial activity remaining after irradiation for ¢ sec. 
is given by 

A/Ay=(1—F) exp(—Kot) +F. (1) 
This fraction A/A, corresponds to the experiment- 
ally measured quantity C/C,, since the same cyanide 
inhibition factor applies to both initial and irradi- 
ated solutions. The shape of the inactivation curve 
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predicted by equation (1) for solutions of constant 
cyanide concentration is not quite exponential. 
However, it approximates very closely to the 
observed exponential form when the factor 
exp(—‘k pt) is greater than 0-55, and the experi- 
mental observations were restricted to this range. 
As the cyanide concentration is varied in experi- 
ments with constant times of irradiation, equation 
(1) requires that 


k,/kg= In {(1—F) exp (—kot) + F}/In {exp (—kot)}. 
(2) 


From this relation, the predicted variation of k,/k, 
with the factor (1—F) has been calculated for the 
conditions studied, and the result is shown as an 
interrupted curve in Fig. 1. The predicted variation 
is not quite linear, but it agrees well with the 
observations within the limits of experimental 
error. It has been assumed ‘n this treatment that 
uncomplexed catalase is inactivated at the same 
rate as in the absence of hydrogen cyanide. In fact 
the rate may increase slightly as the concentration 
of free catalase is reduced by cyanide, but this 
would have only a very small influence on k,/k,y. 
Thus the experimental results wholly conform with 
the view that the haem groups in catalase are pro- 
tected from X-ray inactivation when they are 
complexed with hydrogen cyanide. 

In the course of its catalytic decomposition, 
hydrogen peroxide also combines with catalase, and 
probably at the same point as does hydrogen 
cyanide. The question arises whether this could 
account for the protection by hydrogen peroxide 
observed in X-irradiated catalase solutions, and the 
kinetic properties of this system which are believed 
to be associated with this protection (Sutton, 1956). 
Evidence of a similar type of protection against 
enzyme inactivation whilst the enzyme is acting on 
its substrate has been obtained by Dale (1940), in 
his studies of the inactivation of solutions of carb- 
oxypeptidase induced by X-rays. The careful 
studies of Dr Chance and others on the mechanism 
of catalase action have been summarized by 
Chance, Greenstein & Roughton (1952) in terms of 
consecutive reactions of hydrogen peroxide (a) with 
catalase to form the catalase-hydrogen peroxide 
complex, and (b) with this complex to form de- 
composition products and regenerate free catalase. 
A reaction of the complex with oxidizable substrates 
such as alcohol is also included. On this basis, it is 
shown in agreement with observation that the 
fraction (Q) of catalase iron bound to hydrogen 
peroxide during its catalytic decomposition in- 
creases with increase in the concentration of 


hydrogen peroxide added to the system, and 
ultimately attains a limiting value independent of 
peroxide concentration. In a particular sample of 
catalase Q attains a maximum value of 0-25 at 
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hydrogen peroxide concentrations above 1 ym. This 
statement relates to the initial concentration of 
hydrogen peroxide added to a catalase solution, but 
the same type of behaviour would be observed in 
catalase solutions in which hydrogen peroxide is 
continuously produced by X-irradiation. In the 
latter case, the magnitude of Q would be determined 
by the equilibrium concentration of hydrogen 
peroxide, and would attain the same limiting value 
at large concentrations. If it is assumed that 
peroxide-bound catalase is insensitive to X-rays, 
then the radiation sensitivity of catalase solutions 
would be proportional to (1 — Q), and would decrease 
with increase in equilibrium peroxide concentration 
over a limited range. The protection by hydrogen 
peroxide follows this pattern, and is observed in the 
range 10-°-10-*m hydrogen peroxide, which would 
be expected on the basis of the data of Chance ez al. 
(1952). There are, however, two objections to a 
quantitative treatment of the observed inactivation 
kinetics based solely on this assumption: 

(1) The range of radiation sensitivities required to 
account for all the data is such that Q,,,.. would 
have to be assigned a value at least as large as 0-9. 
Values of Q,,,.. reported by Chance e¢ al. (1952) are 
0-25 for erythrocyte catalase and approximately 
0-33 for some liver catalases. An estimate of Q,,,. 
relating to the enzyme studied in this work has been 
obtained from a comparison of spectroscopic and 
inhibition data relating to hydrogen cyanide. If itis 
assumed that (a) hydrogen peroxide and hydrogen 
cyanide combine with the same site in the catalase 
molecule, and (b) that the activity of catalase in the 
presence of cyanide is proportional to the fraction of 
cyanide-free (but not necessarily peroxide-free) 
catalase, then starting from the equations of Chance 
et al. (1952) relating to cyanide inhibition it can be 


shown that _ 
Qmax. = 1 aii K sect! Kinniv.- 
Substituting the values reported above, we obtain 


~ (+015 
—()-0)?5 
Qmax. = 9 025 { — 0-025. 


Evidently, either the above assumptions are not 
justified, or Q,,,,. is less than 0-2 and is therefore too 
small to account for the kinetic data. 

A further consequence of the assumptions (c) that 
catalase hydrogen peroxide is protected from in- 
activation as well as catalase cyanide and (a) that 
cyanide and peroxide combine with the same site is 
that A,/A, cannot equal k,/k, unless Q,,,, is very 
small, or is nearly equal to the value of Q attained 
during X-irradiation. 

(2) The dose-rate exponent for catalase inactiva- 
tion in X-irradiated solutions varies with the 
catalase concentration in such a manner that no 
self-consistent set of values of Q can be assigned to 
fit all the data on the assumption that Q is dependent 
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only on hydrogen peroxide concentration. One has 
to assume that the radiation sensitivity of catalase 
decreases not only with increase in concentration of 
hydrogen peroxide, but also with decrease in 
catalase concentration. 

It is concluded, therefore, that the mechanism 
discussed above can account for only part of the 
observed protection by hydrogen peroxide. The 
variation of radiation sensitivity with catalase 
concentration suggests that a second mechanism 
operates; this may be a competition of peroxide 
with catalase for the radicals produced by irradia- 
tion. 

Regardless of the mechanism of peroxide pro- 
tection there is good evidence that catalase is 
protected from inactivation when its iron atoms are 
bound to hydrogen cyanide. This suggests that the 
inactivation process is localized on the iron centre, 
and the question arises whether the chemical effects 
of radiation are restricted to this centre. Fig. 2 
clearly shows that this is not so. The protein portion 
of the molecule is affected at the same time as the 
iron centre, in a manner similar to that observed by 
Barron & Flood (1952) with eytochrome c, and with 
other proteins containing tyrosine residues. Similar 
effects are also observed by McLean & Giese (1950) 
and by other workers, after ultraviolet irradiation of 
protein solutions, and it seems possible that these 
effects may be due to the 184-9 my. radiation which 
would accompany the 253-7 my. radiation used in 
their studies. Previous studies by the writer 
(Sutton, 1956) have shown that the effects of this 
184-9 mp. radiation catalase solutions are 
closely akin to those produced by X-rays, and 


on 


further observations made in the course of this work 
emphasize this analogy. 

One would expect these effects on the protein to 
have some influence on catalytic activity, since the 
specificity and rate of reaction of an enzyme 
depends on its protein structure. If so, then hydro- 
gen cyanide should suppress these radiation effects 
as well as those concerned with the iron centre. 
Experiments have shown that while this is indeed 
the case, the concentration of hydrogen cyanide 
required to suppress the protein effects is higher than 
that required for suppression of the effects on the 
iron centre. Thus from Fig. 3 we see that 3 x 10-*m 
hydrogen cyanide will half inhibit the inactivating 
action of small doses of X-rays and also the effect of 
5200 r. on absorption by the iron centre, while it 
has practically no influence on the effect of 5200 r. 
on absorption by the protein at 255 and 275 mp. At 
higher concentrations (of the order of 10-4) all 
radiation effects are suppressed, so that a second 
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mechanism of protection (possibly a radical- 
scavenging process) must be operating in this 
region. A clearer distinction between these two 
effects was sought with other inhibiting agents, but 
no other such agent was found more suitable for 
these studies. 

It is concluded, therefore, that radiation effects 
on the protein do not necessarily cause inactivation, 
while effects on the iron centre certainly do. Two 
interpretations are still possible, namely, (a) the 
inactivation induced by radiation is due solely to 
effects on the iron centre, and (b) energy absorbed in 
the protein may normally be transferred to the iron 
centre, but this process is blocked by hydrogen 
cyanide. The evidence does not distinguish between 
these two, though (a) appears the more likely. 


SUMMARY 


1. Catalase solutions are protected against X-ray 
inactivation when the iron centres in catalase are 
complexed with hydrogen cyanide. 

2. Some, but not all, of the evidence relating to 
protection by hydrogen peroxide can be explained 
on a similar basis. A second mechanism of pro- 
tection by hydrogen peroxide must predominate 
over that due to its complexing action. 

3. Spectroscopic studies in the 
hydrogen cyanide have shown that the protein 
portion of catalase may be damaged by radiation 
without loss of catalytic activity. 

4. It is concluded from (1) and (3) that the major 
inactivating effect of X-rays on catalase solutions is 
localized on the iron centres. 


presence of 
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The Isolation of iso- and (-+-)-anteiso-Fatty Acids of the C,, and C,, 
Series from Shark (Galeorhinus australis Macleay) Liver Oil 


By ISOBEL M. MORICE anp F. B. SHORLAND 
Fats Research Laboratory, Department of Scientific and Industrial Research, 
Wellington, New Zealand 


(Received 24 April 1956) 


Recent investigations in this Laboratory (cf. 


Shorland, 1956) have shown that trace amounts of 


a series of saturated even- and odd-numbered 7so- 
acids and odd-numbered anteiso-acids, together 
with saturated and A%-unsaturated normal odd- 
numbered acids, occur in the fats of ruminants. The 
odd-numbered normal acids, including n-penta- 
decanoic and n-heptadecanoic acids, have also been 
found in shark-liver oil (Morice & Shorland, 1955). 
However, apart from the occurrence of isovaleric 
acid in the fats of dolphins and porpoises (André, 
1924) and of a C,, saturated acid with two side 
methyl groups in shark (Galeorhinus australis 
Macleay) liver oil (Morice & Shorland, 1952), 
branched-chain fatty acids have not been reported 
as constituents of non-ruminant fats. In this paper 
we report the isolation of 13-methyltetradecanoic, 
(+)-12-methyltetradecanoic, 15-methylhexadeca- 
noic and (+)-14-methylhexadecanoic acids from 
shark (G. australis Macleay) liver oil. 


EXPERIMENTAL 


Appropriate fractions obtained during high-vacuum 
fractional distillation of the methyl esters of shark-liver 
oil previously described (Morice & Shorland, 1955) were used. 


C,; branched-chain acids 


The C,, branched-chain acids were concentrated by the 
efficient and systematic fractionation in’vacuo of fractions 
Al (82 g., saponification equiv. 622-6, iodine value 24-1) 
and A2 (680 g., saponification equiv. 265-0, iodine value 
31-2), with a column (150 em. x 2-5 em.) packed with stain- 





Table 1. Fractionation of methyl esters G 
by distillation at 0-1 mm. 


M.p. 


a ee 
Mixed with 
13-methyltetra- 
Wt. decanoate 
Fraction (g.) Alone (m.p. 8-5-8-8°) 
Gl 0-44 3°5-4-5° 4-4--6-2° 

G2 1-04 3°5-3°8 5-0-7-5 
G3 0-31 1-0-1-4 2-1-2-7 
GR 0-26 4-5-5-4 0-5-2-0 


less-steel gauze rings § in. in diameter (Dixon, 1949) and 
column E (Shorland, 1952). As previously described 
(Shorland, Gerson & Hansen, 1955), this permitted a partial 
separation of straight- and branched-chain isomers. ‘I'he 
final selection of fractions for the isolation of the branched- 
chain fatty acids was made from the soluble fractions 
obtained during the isolation of the corresponding normal 
acids previously described (Morice & Shorland, 1955), and 
from the lower-boiling-point fractions of methyl esters of 
C,; acids, giving a total of 19-03 g. of acids, denoted F. 

13-Methyltetradecanoic acid. Crystallization of F seven 
times from 40 vol. of light petroleum (b.p. 40-60°) gave an 
insoluble fraction FI7 (8-70 g.) and soluble fractions FS1- 
FS7, total wt. 10-30 g. Fraction FI7 was converted into 
methyl esters and fractionally distilled, giving five further 
fractions and a residue. Of these fractions, F173 [0-91 g., 
saponification equiv. 255-8, m.p. (acid) 47—48°] and F174 
[1-44 g., saponification equiv. 257-0, m.p. (acid) 47-49°] 
were combined, denoted G and refractionated by distillation 
(Table 1). 

Fractions G1-G3 were combined, giving 1-79 g., denoted 
H, and crystallized once from 40 vol. of acetone at — 40° and 
then five times from 40 vol. of light petroleum (b.p. 40-60°) 
at temperatures from —50to — 70°. Further crystallization 
of the insoluble fraction HI6 [0-30 g., m.p. 8-0-8-3° from 
40 vol. of light petroleum (b.p. 40-60°)] at — 70° yielded 
precipitate HI7 (0-22 g., m.p. 8-5-8-7°) and a soluble 
fraction HS7 (0-08 g., m.p. 8-1-8-3°). The m.p. was not 
depressed when HI7 was mixed with authentic methyl 13- 
methyltetradecanoate, m.p. 8-5-8-7°. The corresponding 
acid showed m.p. 52-0-52-4°, which was not depressed on 
admixture with authentic 13-methyltetradecanoic acid, 
m.p. 52-0-52-4°, When the acid was mixed with authentic 
n-pentadecanoic acid, m.p. 52-2—52-7°, however, the melting 
point was lowered to 46-0-50-5°. 

(+)-12-Methylietradecanoic acid. The soluble fractions 
FS1-FS4 were combined, giving 9-89 g., and crystallized 
systematically from light petroleum (b.p. 40—-60°), 5-20 vol. 
at -—40° being used to remove the higher- and lower- 
melting-point constituents. Those fractions melting within 
the range 13-0—22-0° were combined, giving 3-33 g., and 
further purified by similar procedures, as well as by chro- 
matography of the methyl esters on silica gel (Isherwood, 
1946). From the resulting fractions those melting within the 
range — 16-0 to —12-0° were combined, giving 1-28 g. and 
denoted J. Further purification was effected by fractional 
distillation (Table 2) and crystallization (Table 3). 

Fraction J213, when mixed with authentic (-+)-12- 
methyltetradecanoic acid, m.p. 22-7—-24:5°, melted at 
24-0-26-0°. 
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Table 2. 


Wt. Saponification 
Fraction (g.) equiv. 
Jl 0-29 257-1 
J2 0-69 259-9 
JR 0-36 269-9 
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Fractionation of methyl esters J by distillation at 0-1 mm. 


M.p. [«]}> in CHCl, 
-—12-0 to —10-5° +2-10° 
—14-0 to -13-0 +2-78 


-5-0 to —1-0 


Table 3. Purification of acids J2 by crystallization 


Fraction J2 is the acid obtained from methyl ester J2 (Table 2). The fractions were crystallized from 40 vol. of light 


petroleum at —40°. 
Soluble fraction 
A 


Insoluble fraction 








C Y i ‘ 
Fraction Wt. Wt. 
crystallized No. (g.) M.p. No. (g.) M.p. 
J2 J2S1 0-26 17-2-20-0° J211 0-42 25-7-26-4° 
J201 J282 0-10 23-7-25-2 J212 0-31 26-2-27-0 
J212 J283 0-06 25-2-26-0 J213 0-25 26-6-27:3 


Table 4. Fractional distillation of methyl esters KI4 at 0-1 mm. 


Wt. 

Fraction (g.) 
KI41 1-82 
KI142 2-34 
K143 1-88 
K144 1-20 
KI4R 1-67 


Table 5. Fractional distillation 


Saponifica- 

tion equiv. M.p. 
280-6 12-14° 
283-1 13-15 
284-4 13-15 
283-4 12-14 
290-4 22-23 


of methyl esters M at 0-1 mm. 


Wt. Saponification 
Fraction (g.) equiv. M.p. [a]?? in CHCl, 
M1 0-30 281-4 1-0-2-4° +1-93° 
M2 0-68 284-4 1-0-1-7 + 2-28 
M3 0-65 284-9 1-2-1-9 + 2-56 
MR 0:25 310-6 8-0-13-0 =_- 


C,, branched-chain fatty acids 


Fractions A3 (667 g., saponification equiv. 277-2, iodine 
value 36-9) and A4 (637 g., saponification equiv. 286-9, 
iodine value 52-4) were refractionated, and fractions whose 
equivalents approximated to 284 were combined and 
denoted D as described earlier (Morice & Shorland, 1955). 
Crystallization of D, 99 g., from 10 vol. of acetone twice at 
—78° gave a soluble fraction DS1 (15-2 g., iodine value 
124-2). Recrystallization of the insoluble fraction DI1 
under similar conditions yielded a further soluble fraction 
DS2 (12-5 g., iodine value 111-7). The precipitate DI2 
yielded, after three crystallizations from 15 vol. of acetone 
at —40°, a precipitate DI3 (30-9 g., iodine value 1-3) and 
a soluble fraction DS3 (38-5 g., iodine value 84-1). 

15-Methylhexadecanoic acid. As mentioned in a previous 
paper (Morice & Shorland, 1955) DI3 was fractionally 
distilled to separate methyl n-heptadecanoate from the 
branched-chain isomers. A concentrate of methyl esters of 
C,, branched-chain acids denoted K was obtained by 
combining the appropriate fractions from the distillation of 
DI3 and of DS3. The acids from K (18-05 g.) were crystal- 
lized from light petroleum (b.p. 40—60°) by using successively 
60 and 80 vol. at —40°, followed by two crystallizations 


with 40 vol. at —20°. The final precipitate KI4 (8-78 g.) 
melted at 53-55°. The corresponding methyl esters were 
fractionated at 0-1 mm. (Table 4). 

KI42 and KI43 were combined and denoted L. The 
corresponding acids were repeatedly crystallized successively 
from light petroleum (b.p. 40-60°), ethyl ether and acetone 
by the use of 40 vol. of solvent at — 40°, finally to yield an 
insoluble fraction LI9 (2-04 g., m.p. 60-2-60-6°) and a 
soluble fraction LS9 (0-09 g., m.p. 56-5-57-5°). The m.p. of 
LI9 was undepressed when the compound was mixed with 
authentic 15-methylhexadecanoic acid, m.p. 60-2-60-4°, but 
when mixed with n-heptadecanoic acid it was lowered to 
53-5-54-5°. 

(+)-14-Methylhexadecanoic acid. The soluble fractions 
KS3 and KS4 from the crystallization of K described above 
were combined and converted into acids, giving 6-7 g., 
m.p. 32-42°, [a]? + 1-36° in CHCl. 

By systematic low-temperature crystallization as 
described by Hansen, Shorland & Cooke (1952), followed by 
chromatography of the methyl esters on silica gel (Isher- 
wood, 1946), a series of fractions were obtained. Of these, 
fractions within the m.p. range 1-0-3-5° and [«]}} +1-72- 
1-82° in CHCl, were combined, giving 1-89 g., denoted M and 
fractionated (Table 5). 
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Table 6. Crystallization of fatty acid fraction N at — 40° 


Conditions of crystallization 





; Sol. Wt. Insol. Wt. 
Fraction Solvent Vol. fraction (g.) M.p. fraction (g.) M.p. 
N Light petroleum 40 NS1 0-08 20-4-25-1° NI 1-18 34-0-35-0° 
NIl Acetone 100 NS2 0-16 32-8-33-2 NI2 1-02 34-0-35-0 
NI2 Acetone 100 NS3 0-17 33-0-34-0 NI3 0-84 34-0-35-0 
NI3 Ether 40 NS4 0-74 34-0-34-5 NI4 0-10 34-0-37-0 
Table 7. Chemical and physical properties of purified acids 
Combustion analysis (% X-ray long 
: Wt. Saponification [x]? in spacing 
Fraction (g.) equiv. M.p. Cc H CHCl, 
HI7 0-21 243-6 52-0-52-4° 74-7 12-3* Nil 29-4 
J213 0-25 244-3 26-7-28-4 74:5 12-4* +2-65° 31-1 
LI9 2-04 269-6 60-2-60-6 75-9 12-5f Nil 32-9 
NS4I 0-57 270-7 35-3-35-8 75-6 12-4F +2-81° 30-7 


* C,;Hg90. requires C, 74-4, H, 12-5%, saponification equiv. 242-4. 


+ C,,H,,0, requires C, 75-5, H, 12-7%, saponification equiv. 270-4. 


Fractions M2 and M3 were combined, converted into 
acids, 1-28 g., m.p. 33-0-33-5°, denoted N and crystallized 
(Table 6). Fraction NS4, when mixed with authentic 14- 
methylhexadecanoic acid, m.p. 34-5-35-5°, melted at 34- 
35°. Further purification by chromatography of the 
methyl ester, followed by crystallization of the acid, gave 
NS4I (0-57 g., m.p. 35-3-35-8°) (Table 7). 

The X-ray long spacings were determined with a Philips— 
Geiger X-ray spectrometer, manganese-filtered iron Ka 
radiation being used. The samples were melted on a glass 
slide and quickly cooled. Melting points are uncorrected. 
The optical rotations were determined in 0-5 dm. cells, and 
unless otherwise stated pure fractions were used. The C and 
H analyses were by Drs G. Weiler and F. B. Strauss, Oxford. 


DISCUSSION 


The analytical data in Table 7, together with the 
evidence of mixed melting points, enable fractions 
HI7, J213, LI9 and NS4I to be identified as 13- 
methyltetradecanoic, (+ )-12-methyltetradecanoic 
(cf. Hansen, Shorland & Cooke, 1953, 1954), 15- 
methylhexadecanoic (cf. Hansen, Shorland & 
Cooke, 1955) and (+ )-14-methylhexadecanoic acids 
(cf. Hansen et al. 1952) respectively. The melting 
point of (+)-12-methyltetradecanoic acid isolated 
in this work (26-6—27-3°) was somewhat higher than 
that of the authentic specimen (m.p. 22-7—24-5°; 
Hansen et al. 1954). These latter investigators 
obtained from butterfats fractions melting at 23-7° 
and 27-6°, with properties corresponding to those of 
(+)-12-methyltetradecanoic acid, suggesting the 
possibility of two modifications of this acid. The 
values for the optical rotations are somewhat lower 
than have been found for other naturally occurring 
anteiso-acids. Weitkamp (1945), for example, 


reported [«]? + 4-7° for (+ )-12-methyltetradecanoic 
acid, and [x]? +5-0° in acetone for (+ )-14-methyl- 
hexadecanoic acid isolated from wool grease. The 


lower values found in the present work indicate the 
probability of racemization of the acids in the living 
tissues or subsequently during isolation. However, 
the procedures used were similar to those previously 
employed. 

The proportions of branched-chain fatty acids 
when present in small amounts are difficult to assess 
from the amounts isolated, as purification involves 
considerable losses. Based on the optical rotations 
of relevant fractions as compared with the purified 
acids (cf. Shorland e¢ al. 1955) the percentages of 
anteiso-acids were calculated as C,,, 0-11, and C,,, 
0-18%. No reliable estimate of the iso-acids could 
be made, but from the amounts isolated it appears 
that they are present in proportions similar to 
those of the anteiso-acids. 

The isolation from shark-liver oil (Morice & 
Shorland, 1955) of 0-28% of n-pentadecanoic and 
0-:17% of n-heptadecanoie acids, together with 
0-1-0-2% of zso- and anteiso-C,; and -C,, acids, 
indicates the presence of a series of odd-numbered 
saturated normal, iso- and anteiso-acids, as has been 
found in the milk and depot fats of ruminants (ef. 
Shorland, 1956). 

In ruminants the odd-numbered iso- and anteiso- 
acids in the depot and milk fats were considered by 
El-Shazly (1952) to be formed by the addition of 
acetate units to isovaleric and (+)-2-methyl- 
butyric acid derived from leucine and isoleucine by 
the action of bacteria in the rumen. Shorland e¢ al. 
(1955) have suggested that the normal odd- 
numbered fatty acids might similarly arise from 
propionic and valeric acids present in the rumen. 
The origin of the odd-numbered normal, iso- and 
anteiso-acids of shark-liver oil cannot at present be 
determined. The possibility remains that they could 
be derived from the lower normal, iso- and anteiso- 
acids formed by the action of micro-organisms on 
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the appropriate amino acids or, in common with the 
greater part of the depot fat of fishes, derived from 
direct assimilation from the diet (cf. Shorland, 
1955). 

SUMMARY 


The liver oil of the New Zealand school shark 
(Galeorhinus australis Macleay) has been shown to 
contain traces (0-1-0-2%) of 13-methyltetra- 
decanoic, (+ )-12-methyltetradecanoic, 15-methyl- 
hexadecanoic and (+)-14-methylhexadecanoic 
acids. 

We wish tothank Mr M. Fieldes, Soil Bureau, Department 
of Scientific and Industrial Research, Wellington, New 
Zealand, for the X-ray measurements reported in this 
paper, and Miss 8. Grimstone for technical assistance. 


REFERENCES 
André, E. (1924). Bull. Soc. chim. Fr. 35, 857. 
Dixon, QO. G. (1949). J. Soc. chem. Ind., Lond., 68, 88. 


I. M. MORICE AND F. B. SHORLAND 


1956 


El-Shazly, K. (1952). Biochem. J. 51, 647. 

Hansen, R. P., Shorland, F. B. & Cooke, N. 
Biochem. J. 52, 203. 

Hansen, R. P., Shorland, F. B. & Cooke, N. 
Biochem. J. 53, 374. 

Hansen, R. P., Shorland, F. B. 
Biochem. J. 57, 297. 

Hansen, R. P., Shorland, F. B. 
Biochem. J. 61, 141. 

Isherwood, F. A. (1946). Biochem. J. 40, 688. 

Morice, I. M. & Shorland, F. B. (1952). Chem. & Ind. 
p- 1267. 

Morice, I. M. & Shorland, F. B. (1955). Biochem. J. 61, 
453. 

Shorland, F. B. (1952). J. appl. Chem. 2, 438. 

Shorland, F. B. (1955). Progress in the Chemistry of Fats and 
Other Lipids, vol. 3, p. 276. Ed. by Holman, R. T., 
Lundberg, W. O. & Malkin, T. London: Pergamon Press, 

Shorland, F. B. (1956). Annu. Rev. Biochem. 25, 101. 

Shorland, F. B., Gerson, T. & Hansen, R. P. (1955). 
Biochem. J. 59, 350. 

Weitkamp, A. W. (1945). J. Amer. chem. Soc. 67, 447. 


J. (1952), 
J. (1953). 
& Cooke, N. J. (1954). 


& Cooke, N. J. (1955). 


Studies in the Biochemistry of Micro-organisms 


98. TRITISPORIN, AN ANTHRAQUINONE COLOURING MATTER OF 
HELMINTHOSPORIUM TRITICI-VULGARIS NISIKADO: 
STRUCTURE AND SYNTHESIS* 


By 8S. NEELAKANTAN, ANNA POCKER anv H. RAISTRICK 
Department of Biochemistry, London School of Hygiene and Tropical Medicine, University of London 


(Received 10 May 1956) 


Helminthosporium tritici-vulgaris Nisikado is a 
micro-fungus which is pathogenic to wheat 
(Triticum vulgare Vill.), on the leaves of which it 
produces a yellow-spot disease which occurs fairly 
frequently in Japan. Nisikado (1929a, b) first 
isolated the fungus from this source and described 
it. In the course of an extensive investigation on the 
production of hydroxyanthraquinones by species 
of Helminthosporium, Raistrick, Robinson & Todd 
(1934) showed that the dried mycelium of laboratory 
cultures of H. tritici-vulgaris, grown on Czapek—Dox 
solution, substances, i.e. 
catenarin, helminthosporin and tritisporin. 
Catenarin, C,;H,,O,, was also isolated from other 
species of Helminthosporium, e.g. H. gramineum 
Rabenhorst by Charles, Raistrick, Robinson & 
Todd (1933) and H. catenarium Drechsler—hence its 
name—and H. velutinum Link by Raistrick et al. 
(1934), who presented evidence which indicated 
that catenarin is a f-hydroxymethyl-1:4:5-tri- 
hydroxyanthraquinone with the B-hydroxymethyl 
group in position 2, 3 or 6, position 6 being preferred. 
On this basis catenarin would be 1:4:5-trihydroxy-6- 


contains three such 


* Part 97: 


Raistrick & Rudman (1956). 


hydroxymethylanthraquinone (structure I). Later 
it was proved by Anslow & Raistrick (1940) by 
analytical methods that catenarin has a CH,;— and 
not a CH,.OH- side chain and has in fact structure 
(II), and this conclusion was confirmed by the 
synthesis of catenarin by Anslow & Raistrick (1941). 


o OH 


; OH 
Cc co 
6 
HO.H,CY 5 ow 
OH OH 
(1) 


oH © OH 


(11) 
Catenarin 
co OH C OH 
HO CH,.0H HO 
, CH,.0H 
oH © OH oH © OH 
(111) (IV) 
Tritisporin 


Tritisporin, C,;H,,O,, of which only a small 
amount was available for investigation at the time, 
was believed by Raistrick et al. (1934) to be a 
derivative of 1:4:5:7-tetrahydroxyanthraquinone, 
and they suggested that either structure (III) or 
(IV) should be attributed to tritisporin, which was 
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known to form a pentaacetate insoluble in sodium 
carbonate, and hence cannot contain a carboxyl 
group. 

Additional supplies of crude tritisporin from H. 
tritici-vulgaris having recently become available, 
we have reopened the question of the constitution 
of this interesting substance. Investigation of a 
specimen of tritisporin which was rigorously purified 
through its acetate showed that (i) the ultraviolet 
absorption spectrum of tritisporin is practically 
identical with that of catenarin; (ii) although triti- 
sporin gives 2-methylanthracene on zinc-dust 
distillation, it does not contain a C-CH, grouping, 
as was proved by a Kuhn—Roth estimation. 


It therefore seemed probable that the C—C-— 


grouping in the 2-position is a C-CH,.OH grouping. 
Hence the possibility emerged that tritisporin is 
indeed w-hydroxycatenarin of structure (III), and 
we have now been able to prove by synthesis that 
this deduction is correct. 

The starting point of the synthesis is catenarin 
(II). Natural catenarin acetate (V, R=H) from 
H. catenarium was submitted to the Wohl—Ziegler 
reaction (Djerassi, 1948). A mixture of it, N- 
bromosuccinimide, benzoyl peroxide and carbon 
tetrachloride was refluxed for 24 hr. and from the 
rather complex mixture of reaction products there 
was isolated a crude bromoacetate, yellow prisms, 
m.p. 199—200°, partial hydrolysis of the tetraacetate 
having occurred. A solution of the bromoacetate 
in acetic anhydride was then debrominated by 
heating with anhydrous sodium acetate (or silver 
acetate), givmg w-acetoxycatenarin tetraacetate 
(V, R=0O.CO.CH;), fine pale-yellow needles, 
m.p. 217°, not depressed on admixture with natural 
tritisporin pentaacetate, m.p. 217°, from H. tritici- 
vulgaris. Hydrolysis of the synthetic acetate with 
methanolic sulphuric acid gave 1:4:5:7-tetrahydr- 
oxy-2-hydroxymethylanthraquinone (III) identi- 
cal in all respects with natural tritisporin from H. 
tritici-vulgaris. 

Since catenarin has already been synthesized 
(Anslow & Raistrick, 1941), that synthesis and the 
present work constitute a total synthesis of triti- 
sporin. 

co OAc 
AcO CH,.R 
OAc “9 OAc 
(V) 

The Wohl-Ziegler reaction has been used on at 
least two previous occasions for the synthesis of 
polyhydroxyanthraquinones of natural origin con- 
taining a B-hydroxymethyl group. By this means 
Neelakantan & Seshadri (1954) synthesized telo- 
schistin (4:5-dihydroxy-2-hydroxymethyl-7-meth- 
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oxyanthraquinone), which occurs in the Indian 
lichen Teloschistes flavicans, from physcion (4:5- 
dihydroxy-7-methoxy-2-methylanthraquinone), a 
constituent of the same lichen and also of Xanthoria 
parietina and of species of moulds in the Aspergillus 
glaucus series (Raistrick, Robinson & Todd, 1937) 
and of Penicillium herquei (Galarraga, Neill & 
Raistrick, 1955). Joshi, Parkash & Venkataraman 
(1955) have similarly converted rubiadin (1:3- 
dihydroxy -2-methylanthraquinone) into lucidin 
(1:3 - dihydroxy - 2 -hydroxymethylanthraquinone), 
which Briggs & Nicholls (1949, 1953) isolated from 
the dried bark of the New Zealand tree Coprosma 
lucida. 

Raistrick et al. (1934) described the preparation 
of a hydroxycatenarin by the oxidation of catenarin 
(II) with manganese dioxide and concentrated 
sulphuric acid. They assigned structure (VI) to it in 
the mistaken belief that catenarin has structure (1), 
so that it is now clear that structure (VI) must be 
revised. We have repeated the preparation of 
hydroxycatenarin and have confirmed the experi- 
mental findings of Raistrick et al. (1934), and in 
particular its resemblance in appearance and many 
of its colour reactions to eynodontin (1:4:5:8-tetra- 
hydroxy-2-methylanthraquinone). In addition, we 
have shown that hydroxycatenarin contains a 
C-CH, group and that its ultraviolet absorption 
spectrum indicates the presence of four «-hydroxy] 
groups, from which it follows that hydroxycatenarin 
has almost certainly structure (VII) and is there- 
fore 8-hydroxyeatenarin (1:4:5:7:8-pentahydroxy- 
2-methylanthraquinone). 


OH co OH OH co OH 


CL _ "CI co 
cO 6H oH © 


OH OH 
(V1) (VII) 

This conclusion, which involves the assumption 
that a nuclear hydroxyl group is introduced para 
to a pre-existing «-hydroxyl group, i.e. in this case 
in position 8, is supported by the previously estab- 
lished fact that cynodontin (1:4:5:8-tetrahydroxy- 
2-methylanthraquinone) is formed by the oxidation 
with manganese dioxide and concentrated sulphuric 
acid of both helminthosporin (4:5:8-trihydroxy- 
2-methylanthraquinone; Raistrick, Robinson & 
Todd, 1933) and of islandicin (1:4:5-trihydroxy-2- 
methylanthraquinone; Howard & Raistrick, 1949). 

Finally, as would be expected of a compound of 
structure (VII) which is a derivative of alizarin 
(1:2-dihydroxyanthraquinone), 8-hydroxycatenarin 
is a powerful mordant dyestuff and dyes white 
wool mordanted with chromium, aluminium or 
tin strong violet—blue, violet, or deep bluish pink 
respectively. 
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EXPERIMENTAL 


Culture 


The culture used in the preparation of tritisporin was a 
strain of Helminthosporium tritici-vulgaris Nisikado ob- 
tained in 1933 from the Centraalbureau voor Schimmel- 
cultures, Baarn, Holland. It was received by them in 1929, 
as strain number 285, from Nisikado, who had isolated it 
from diseased wheat (Triticum vulgare Vill.). It bears the 
London School of Hygiene and Tropical Medicine catalogue 
number Ag 141. 


Cultural conditions and characteristics 


100 conical (11.) flasks, each containing 350 ml. of 
Czapek—Dox solution (glucose, 50-0 g.; NaNO ;, 2-0 g.; 
KH,PO,, 1-0 g.; KCl, 0-5 g.; MgSO,,7H,0, 0-5 g.; FeSO,, 
7H,0, 0-01 g.; distilled water, 1000 ml.; pH adjusted to 5-5 
by the addition of N-NaOH, 12-5 ml./35 1.), were sterilized 
at 100° for 1 hr. on each of three consecutive days. The flasks 
were then inoculated with part of a spore suspension in 
sterile distilled water of H. tritici-vulgaris prepared from 
thirty-three cherry agar slopes aged 16 days. The flasks were 
incubated at 24° in the dark and harvested after 43 days’ 
incubation. The appearance of the cultures at the end of the 
incubation period was uniform. The upper surface of the 
mycelium was pale buff to brown and the reverse dark brown 
to chocolate coloured. The culture filtrate was deep purple 
brown and stained white muslin blue. 


Isolation of crude colouring matters 


At the end of the incubation period the culture fluid 
(residual glucose by polarimeter, 0-81%) was separated 
from the mycelium by decantation through muslin and was 
discarded. The mycelium was washed with water, pressed as 
dry as possible in a tincture press and dried thoroughly in 
a vacuum oven at 40—45° (wt. of dried mycelium, 237 g.). It 
was then ground to a fine powder in a coffee mill and was 
defatted in a Soxhlet extractor for 1 day with light petroleum 
(b.p. 40-50°). The extracted mycelium was air-dried and 
re-extracted with boiling dioxan in a percolator for about 
10 hr. Dioxan is a much more efficient solvent for the 
extraction of crude polyhydroxyanthraquinones than is 
CHCl, as used previously by Raistrick et al. (1934), but it 
also extracts other materials, notably mannitol. Hence the 
dioxan extract was evaporated in vacuo and the residue was 
dried (48-2 g.) and ground with much water to remove 
mannitol and other water-soluble material. The residue was 
then re-dried (36-0 g.), re-extracted with light petroleum 
(b.p. 40-50°) and finally dried in air, giving the main 
fraction of crude hydroxyanthraquinone colouring matters 
(23-45 g.), m.p. 215-229°. 

This light-petroleum extract was combined with the 
initial extract with the same solvent, evaporated to about 
150 ml. and held at 0° overnight. The bright-red solid which 
separated was collected by filtration (1-21 g.),m.p. 175-192°, 
and, on removal of the solvent from the filtrate, there 
remained crude ‘fat’ (42-2 g.). 


Fractionation of the crude colouring matter 


The crude colouring matter consists of a mixture of about 
3 parts of catenarin to 1 part of tritisporin, together with a 
very small proportion of helminthosporin, the m.p. of the 
three colouring matters being 246°, 278° and 226° re- 
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spectively. The isolation of tritisporin in a pure state, which 
proved tedious, was carried out as follows. The crude 
mixture (23-5 g.) was extracted with isopropyl ether in a 
Soxhlet apparatus for several days and the crystalline 
fractions which separated from the dark-red fluorescent 
extracts were collected daily with the following results: 
fractions 1+2, 7-5g., m.p. 220-230°; fractions 3+4, 
5-7 g., m.p. 230-245°;; fractions 5 +6, 3-6 g., m.p. 245-255°; 
fraction 7 from the mother liquors, 2-6 g., m.p. 220-230°; 
dark-brown residue, 4:1 g. The combined fractions 3+4 
were re-extracted for one working day with isopropy] ether. 
There separated from the cooled extract 2-3 g. of colouring 
matter, m.p. 230-240°, and there remained in the Soxhlet 
thimble 3-2 g. of colouring matter, m.p. 250—255°. This 
material, together with fractions 5 and 6, was then acetylated 
by refluxing for 10 min. with acetic anhydride (10 ml./g.) 
and conc. H,SO, (3 drops/g.). The crude yellowish green 
solid acetate obtained on pouring the cooled acetylation 
mixture into ice water was collected and dried (about 
1-5 g./g.). It was repeatedly crystallized to constant m.p. 
from ethyl acetate, giving finally tritisporin pentaacetate as 
fine, pale-yellow needles, m.p. 217°. (Raistrick et al. 1934, 
give m.p. 215°.) (Found: C, 58-55, 58-6; H, 3-97, 3-95; 
CH,.CO, 43-7. Cale. for C,;H»9042,i.e. C,;H;0.(0.CO.CH;);: 
C, 58-6; H, 3-93; 5CH,.CO, 420%.) 


Hydrolysis of pure natural tritisporin pentaacetate 


A solution of pure natural tritisporin pentaacetate 
(0-52 g.) in methanol (50 ml.) containing 3% (v/v) of cone. 
H,SO, was boiled under reflux for 1-5 hr. The solid dissolved 
to an orange-red solution after 5-6 min. and tritisporin 
began to separate as red bunches of needles after 30 min. 
The crystalline tritisporin was collected, washed with ice- 
cold methanol and dried (0-26 g.; Cale. 0-31 g.), m.p. 257- 
260°. 

The product (0-25 g.) was purified for analysis by erystal- 
lization from dioxan (20 ml.), giving tritisporin as brick-red 
bunches of prisms, m.p. 277—278°, containing solvent of 
crystallization. (Found: loss on drying in high vacuum at 
130°, 12-55%. C,;H,)0,,4C,H,O, requires 12-7 %. Found on 
dried material: C, 59-6, 59-6; H, 3-51, 3-39; C-CHg, nil. 
Cale. for C,;H,)0,: C, 59-6; H, 3-33 %.) Salient details of the 
ultraviolet absorption spectrum of natural tritisporin are 
given in Table 1. 


Synthesis of tritisporin 


The starting point of the synthesis was catenarin, which 
was isolated from the previously unused crude CHC\, 
extracts of the dried mycelium of Helminthosporium caten- 
arium Drechsler (Raistrick et al. 1934, p. 564). These extracts 
consisted essentially of a mixture of catenarin and helmin- 
thosporin; since catenarin is readily soluble in cold dilute 
aqueous Na,CO, and helminthosporin does not dissolve in 
this reagent, the two pigments were readily separated from 
each other. Parts of fractions 1, 2, 3, 5, 7 of the CHCl, 
extracts were weighed and stirred vigorously at room tem- 
perature for 0-5 hr. with 2% aqueous Na,CO, (250 ml./g. of 
extract). The mixture was then filtered without delay from 
undissolved helminthosporin. The deep-purple filtrate was 
acidified with 2N-HCland heated to flocculate the amorphous 
orange precipitate, which was collected, washed, dried and 
crystallized from ethanol, giving pure catenarin (15-0 g. 
from 20-7 g. of CHCl, extract) as red plates melting sharply 
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at 246°. This material was then acetylated in the usual way 
with acetic anhydride and a little conc. H,SO,. The crude 
acetate so obtained was crystallized from ethyl acetate, 
giving catenarin tetraacetate as lemon-yellow rods, m.p. 
234-235°. 

A mixture of catenarin acetate (1-0 g.), N-bromosuc- 
cinimide (0-7 g.), benzoyl peroxide (0-1 g.) and CCl, (350 ml.) 
was refluxed for 24 hr. All reagents were carefully dried and 
the V-bromosuccinimide was freshly recrystallized from hot 
water. The CCl, was removed by distillation and the yellow 
residue was washed repeatedly with hot water to remove 
succinimide and unchanged N-bromosuccinimide. The un- 
dissolved residue was collected and dried. Catenarin acetate 
(5g.) gave a total of 6-3g. of this residue, which was 
crystallized from ethyl acetate (200 ml.), giving the crude 
bromoacetate (3-05 g.) as yellow prisms, m.p. 199-200°. 
A mixture of this bromoacetate (1-75 g.), fused sodium 
acetate (3-5 g.) and acetic anhydride (35 ml.) was refluxed 
for 1-5 hr. The de-brominated acetate which was recovered 
by treatment of the cooled acetylation mixture with ice 
water was collected and dried (1-59 g.). It was then purified 
by crystallization from ethyl acetate +charcoal, giving 
synthetic tritisporin pentaacetate (0-43 g. from 3-75 g. of 
bromoacetate together with 0-83 g. of somewhat lower m.p.). 
The acetate, which does not dissolve in cold dilute Na,CO, 
solution, forms very fine, pale-yellow needles, m.p. 217° 
alone or in admixture with tritisporin pentaacetate of the 
same m.p. from H. tritici-vulgaris. (Found: C, 58-6, 58-7; 
H, 4-03, 3-99; CH,.CO, 41-3. Cale. for C,;H Qj, i.e. 
C,;H,0.(0.CO.CH,),, C, 58-6; H, 3-93; 5CH,.CO, 42-0%.) 
Debromination of the bromoacetate (1-0 g.) was also 
effected, though somewhat less efficiently, by refluxing a 
mixture of it with silver acetate (0-8 g.) and acetic anhydride 
(10 ml.) for 6 hr. The solid material recovered after treating 
the acetylation mixture with ice water and drying was 
extracted with cold CHCl, and filtered from AgBr. The CHCl, 
solution was evaporated to dryness in vacuo and the residue 
was crystallized from ethyl acetate+charcoal, giving 
tritisporin pentaacetate (0-09 g., m.p. 216-217°, +0-16 g., 
m.p. 215-216°). 

A mixture of synthetic tritisporin pentaacetate (0-357 g.; 
m.p. 217°) in methanol (35 ml.) containing 3% (v/v) of 
cone. H,SO, was boiled under reflux for 1-5 hr. The solid 
dissolved to an orange solution in 10 min. and tritisporin 
began to separate as red needles after 20 min. The crystals 
were collected and washed with ice-cold methanol, giving 
tritisporin (0-188 g.), which was crystallized from dioxan 
(15 ml.) as brick-red prisms containing dioxan of erystal- 
lization. For analysis the crystals (0-156 g.) were dried to 
constant weight in high vacuum at 130°. (Found: loss on 
drying in high vacuum at 130°, 12-4%. C,;H,0,, $C,H,0, 
requires 12-7%. Found on dried material: C, 59-8; H, 3-35. 
Cale. for C,;H,,0,: C, 59-6; H, 3-33 %.) Salient details of the 
ultraviolet absorption spectrum of synthetic tritisporin are 
given in Table 1. 

The general properties of synthetic tritisporin are in- 
distinguishable from those of natural tritisporin from H. 
tritici-vulgaris when tested alongside. It melts at 278-279°, 
undepressed on admixture with natural tritisporin, m.p. 
277-278°, but the m.p. is difficult to determine accurately. 
It is only slightly soluble in the usual organic solvents but 
may be crystallized readily from pyridine or, preferably, 
from dioxan. Its orange-yellow solution in glacial acetic acid 
has a greenish yellow fluorescence in daylight and a vivid 
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sulphur-yellow fluorescence in ultraviolet light. It dissolves 
in cold cone. H,SO, to a reddish purple solution, which is 
much redder in tone than the bluish violet solution of 
catenarin in the same reagent. It gives a deep-violet ferric 
colour in ethanolic solution. With magnesium acetate in 
cold ethanol (Asahina & Shibata, 1954) it gives a deep- 
carmine solution with a pronounced re« fluorescence in 
daylight. A similar but less intense colour with a pronounced 
red fluorescence is produced by boiling tritisporin in aqueous 
aluminium sulphate solution. It is insoluble in aqueous 
NaHCO, and cannot be extracted from CHCl, solution by 
this reagent. It dissolves readily in cold aqueous N-Na,CO,, 
which also extracts it from CHCl, solution. The resulting 
reddish purple solutions are almost identical in colour with 
that of its solution in cone. H,SO, and are less blue than 
aqueous KMnO,. Its bluish purple solution in aqueous N- 
NaOH fades to colourless on standing overnight, with the 
formation of a slight purple precipitate. 


Ultraviolet absorption spectra 


The ultraviolet absorption spectra of natural and syn- 
thetic tritisporin and of 8-hydroxycatenarin were deter- 
mined by means of a Hilger and Watts Uvispek spectro- 
photometer. The salient features of these spectra, together 
with those obtained by Birkinshaw (1955) on catenarin and 
eynodontin, are assembled in Table 1. 

The following conclusions may be drawn from these 
spectra: 

(i) The spectra of catenarin and of both natural and 
synthetic tritisporin (w-hydroxycatenarin) are almost 
identical. Birkinshaw (1955) found a similar close agreement 
between the ultraviolet absorption spectra of emodin 
(4:5:7-trihydroxy-2-methylanthraquinone) and w-hydroxy- 
emodin (4:5:7-trihydroxy-2-hydroxymethylanthraquinone). 
It appears therefure that the substitution of a CH,.OH 
group for a CH, group in the polyhydroxyanthraquinones 
has little effect on their ultraviolet absorption spectra. 

(ii) The marked similarity in the 500-600 my. region of the 
absorption spectra of 8-hydroxycatenarin and cynodontin 
confirms the chemical evidence that 8-hydroxycatenarin 
contains four «-hydroxyl groups. 


8-Hydroxycatenarin 


Finely powdered MnO, (1-5 g.) was added in portions over 
a period of 10 min., with mechanical stirring, to a solution 
held at 60—70° of catenarin (2 g.) in cone. H,SO, (15 ml.). 
After stirring for a further 15 min., the mixture was cooled, 
poured into water (600 ml.) and then boiled for 15 min. The 
original brown-violet precipitate, which became dark brown 
on heating, was collected, washed with water and dried 
(2-26 g.). It was then boiled with pyridine (150 ml.) and 
unchanged MnO, was separated by filtration. The filtrate 
was concentrated to about 5 ml. in vacuo and cooled. The 
solid which separated was washed with a little pyridine and 
then with ether and finally dried (1-08 g.). It was purified by 
acetylation in the usual way with acetic anhydride (10 ml.) 
and cone. H,SO, (4 drops). The resulting crude acetate 
(1-32 g.) was crystallized repeatedly from ethyl acetate, 
yielding 8-hydroxycatenarin pentaacetate as pale greenish 
yellow rods (0-43 g.), m.p. 235°. Raistrick et al. (1934) give 
m.p. 233-234°. 

A solution of the pure acetate (0-307 g.) in methanol 
(30 ml.) containing 3% (v/v) of conc. H,SO, was boiled 
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Table 1. Ultraviolet absorption spectra in ethanol of catenarin, tritisporin, cynodontin 
and 8-hydroxycatenarin | 
Amin, (Mp.) 
Amax, (Mp) with (in parentheses) log € and (in 
c A —, parentheses) ( 
Substance A220-240 A240-260 A280-310 A488 ASO8-525 AS45 ASS8-560 log € 
Catenarin (1:4:5:7-tetrahydroxy- 231 255 280 488-5 508 — - — ! 
2-methylanthraquinone) (4-51) (4-23) (4:24) (4-16) (4-06) ( 
— a 298 ~: 515-525 _- -- 345 
(4-03) (3-99) (3-12) ] 
Natural tritisporin (1:4:5:7-tetra- 231 255 280 489-5 510 _- —- —_ ] 
hydroxy-2-hydroxymethyl- (4-50) (4-23) (4-26) (4-18) (4-09) ‘ 
anthraquinone) — — 300-5 — 525 — -- 350 
(4-05) (4-01) (3-12) 
Synthetic tritisporin (1:4:5:7- 232 256 280 488 508-5 — — 345 
tetrahydroxy-2-hydroxymethyl- (4-50) (4:24) (4:27) (4-20) (4-11) (3-12) 
anthraquinone) — —_ 302 — 522 -—- —_ — 
(4-05) (4-05) 
Cynodontin (1:4:5:8-tetrahydroxy- 221 — 296 —_— 518 545 558 390 
2-methylanthraquinone) (4:22) (3-63) (3-90) (3-88) (3-94) (2-56) 
237-5 a= “= = Le — _ — 
(4-32) 
8-Hydroxycatenarin (1:4:5:7:8- 230 244 308 488 520 545 560 385 
pentahydroxy-2-methy]- (4-33) (4-48) (3-99) (4-03) (4-32) (4-30) (4:35) (3-21) 
anthraquinone) — 258 — oe — — — 
(4-48) 
under reflux for 1-5 hr. 8-Hydroxyecatenarin began to ‘The tubes were placed in a bath of cold water which was 
crystallize from the eosine-coloured solution in 45 min. and _ heated to boiling and held there for 1 hr. The dyed wool was T 
was collected, after storing overnight at 0°, asa brown solid then washed successively with water, soap solution and it 
(0-177 g.) which was crystallized twice from dioxan, whenit running water, and dried. Strong coloration of the wool was 0 
separated as brown plates with a bronze lustre containing obtained with all three mordants: Cr, violet—blue; Al, violet; b 
solvent of crystallization, m.p. 318-320° with partial sub- Sn, deep bluish pink. The wools dyed with 8-hydroxy- 
limation at about 285°. (Found: loss on drying in high  catenarin are in each case much bluer in shade than those : 
vacuum at 130°, 21-79%. C,;H, )0,,C,H,O, requires 22-6%. dyed with asperthecin. ; 
Found on dried material: C, 58-9; H, 3-40; C-CHg, 5-6. Se s 
C,,H,,0, requires C, 59-6; H, 3-33; C-CH,, 5-0%.) Salient SUMMARY 8 
details of the ultraviolet absorption spectrum of 8-hydroxy- The mycelium of laboratory cultures of Helmin- le 
catenarin are given in Table 1. . ite eho : ce 
Rs nes pie eae = ’ baa thosporium tritici-vulgaris Nisikado contains three 
Solutions of 8-hydroxycatenarin and cynodontin in : : : i a 
acetic acid are bluish red in colour, with a greenish yellow anthraquinone colouring matters: catenarin, triti- ix 
fluorescence in daylight, and both substances dissolve in Sporin and helminthosporin. Tritisporin has been t] 
cold cone. H,SO, to a pure-blue solution. 8-Hydroxy- Synthesized and shown to be w-hydroxycatenarin, 

. ase : . ‘ oe : . ~. a 
catenarin gives an intense purple ferric reaction in ethanol i.e. 1:4:5:7-tetrahydroxy-2-hydroxymethylanthra- T 
which is very similar in shade to aqueous KMnO,, a deep- quinone. When catenarin is oxidized with manga- 
violet solution with a fiery red fluorescence with magnesium nese dioxide in concentrated sulphuric acid, it gives . 
acetate in ethanol and a pale-violet solution in boiling 8-hydroxyeatenarin, i.e. 1:4:5:7:8-pentahydroxy-2- . 
aqueous aluminium sulphate, in which it is almost insoluble. methylanthraquinone. 

It is not soluble in aqueous NaHCO, nor is it extracted from : 

CHCl, solution by this reagent. It is readily soluble in, and One of us (S. N.) wishes to thank the Agricultural Research 

extractable from CHCl, solution by, 2% aqueous Na,CO,, Council for a grant which has enabled him to take part in 
giving a pure-violet aqueous solution from which a deep- this investigation. We are indebted to Dr J. H. Birkinshaw el 
purple amorphous precipitate separates on standing for of the Department of Biochemistry, London School of oz 
2-3 hr., leaving a colourless supernatant. It forms an Hygiene and Tropical Medicine, for guidance in the use of ga 
almost insoluble blue sodium salt in aqueous NaOH. the Uvispek spectrophotometer. (N 
7I 
ne tests with 8-hydroxycatenarin (VII) REFERENCES aa 
White wool was mordanted with chromium, aluminium fo 
or tin, by using K,Cr,0,, aluminium acetate or SnCl, as _ Anslow, W. K. & Raistrick, H. (1940). Biochem. J. 34, 1124. la 
described by Cain & Thorpe (1913) and used by Howard & _ Anslow, W. K. & Raistrick, H. (1941). Biochem. J. 35, 1006. su 
Raistrick (1955) in dyeing tests with asperthecin. Asolution Asahina, Y. & Shibata, S. (1954). Chemistry of Lichen = 

of 8-hydroxycatenarin (3 mg.) in dioxan (1 ml.) was added Substances, p. 151. Tokyo: Japan Society for the Promo- 
to water (5 ml.) with shaking, and the mordanted wool tion of Science (in English). Ce 


(0-1 g. approx. in each case) was immersed in it immediately. 
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The Oxidative Properties of an Oxalate-decomposing Organism, 
Pseudomonas OD1, with Particular Reference to the 
Synthesis of Citrate from Glycollate 
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The isolation and properties of an organism belong- 
ing to the genus Pseudomonas which will grow on 
oxalate as sole source of carbon and energy have 
been reported (Jayasuriya, 1955). Washed sus- 
pensions of this organism, Pseudomonas OD 1, were 
found to oxidize oxalate, and this reaction has been 
described. The oxidative metabolism of washed 
suspensions has now been studied further, particu- 
larly with respect to the oxidation of two carbon 
compounds and tricarboxylic acid intermediates, 
and the effect of sodium fluoroacetate. Of particular 
interest was the finding that citrate accumulates in 
the presence of glycollate plus sodium fluoroacetate, 
and this reaction has been investigated in detail. 
The present paper is a detailed report of these 
studies, preliminary accounts of which have 
already been given (Jayasuriya, 1954a, b). 


MATERIALS AND METHODS 


Organism. Pseudomonas OD1 has been described in full 
elsewhere (Jayasuriya, 1955). For the present sttidies, the 
organism was grown on a medium containing the following 
salts (mg./100 ml.): KH,PO,, 136; Na,HPO,, 213; 
(NH,),SO,, 50; MgSO,,7H,O, 20; CaCl,,2H,O, 1; FeSO,, 
7H,O, 0-5; MnSO,,5H,O, 0-25; Na,MoO,,2H,O, 0:25. In 
addition, the medium contained 1% (w/v) of one of the 
following carbon sources: potassium oxalate, sodium DL- 
lactate, sodium glycollate, sodium pDL-malate, sodium 
succinate. Unless otherwise stated, the carbon source was 
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lactate. In each case, the pH was 7-0 and the medium was 
sterilized by autoclaving at 15 1b./in.2 for 15 min. The 
organism was grown in penicillin flasks for 40 hr. at 25°. The 
conditions of growth and the preparation of washed cells 
have already been described fully (Jayasuriya, 1955). 

With the medium containing oxalate there was no pre- 
cipitation of calcium oxalate during preparation, the 
medium remaining clear after autoclaving, though the 
possibility that some calcium oxalate might be precipitated 
during growth cannot be excluded. The organism can, 
however, utilize calcium oxalate, since clear zones are 
produced around colonies growing on solid medium con- 
taining this compound. In addition, washed cells prepared 
after growth on the liquid oxalate medium described above 
have a low endogenous respiration, whereas they rapidly 
oxidize potassium oxalate (see Table 1). This would indicate 
that little if any calcium oxalate remains in the washed 
suspensions prepared from cells grown on oxalate, or that, if 
present, it has little effect upon the respiration. 

Reagents. All reagents used, except those mentioned 
below, were of A.R. grade. Triethanolamine was distilled 
and purified by formation of the hydrochloride. Sodium 
glycollate was recrystallized from acetone before use. 
Oxaloacetic acid was kindly provided by Professor H. A. 
Krebs; solutions of the sodium salt were prepared im- 
mediately before use by neutralization with 0-01 N-NaOH. 
2-Oxoglutaric acid was kindly supplied by Dr R. L. 
Wickremasinghe. Sodium fluoroacetate was the gift of 
Dr B. C. Saunders of the Chemical Laboratory, University 
of Cambridge. 

Analytical methods. Gas exchanges were measured with 
Warburg manometers at 25°. Where necessary, double-side- 
bulb cups were used and the reactions stopped by the 
addition of 0-2 ml. of 2N-H,SO, from the second side arm. 

Rates of substrate oxidation are expressed as pl. of O, 


consumed/mg. dry wt. of cells/hr.=Q ,. Values for CO, 
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production were deduced after measuring the gas exchanges 
by the first method of Dickens & Simer (1930) as modified by 
Elsden & Lewis (1953). 

Glycollate was determined colorimetrically by the method 
of Dagley & Rodgers (1953), based on its reaction with 
sulphuric acid to yield formaldehyde. Citrate was deter- 
mined by the colorimetric method of Weil-Malherbe & Bone 
(1949) as modified by Taylor (1953). 

Glycine utilized by washed-cell suspensions was esti- 
mated indirectly by determining the amount of ammonia 
produced. This was estimated by the microdiffusion 
technique of Conway (1947), by adding an equal volume of 
10n-NaOH to the sample in the outer chamber of the 
Conway unit. The ammonia distilled over into 1 ml. of 
0-2N-H,SO, in the inner chamber and was estimated 
colorimetrically by adding 1 ml. of Nessler’s reagent, pre- 
pared according to Koch & McMeekin (1924), to the contents 
of the inner chamber. This was made up to 15 ml. with 
water and the intensity of the colour produced measured 
with the Hilger-Spekker absorptiometer with the blue- 
green (Ilford no. 603) filter. 

Chromatographic methods. Citrate was identified by 
paper-partition chromatography according to Buch, 
Montgomery & Porter (1952). The developing solvent was 
pentanol saturated with 5n formic acid, and the papers were 
developed by the ascending method. Acidified contents of 
the manometer cup were prepared for chromatography as 
follows. The cells were removed by centrifuging. The super- 
natants were made approximately 2-5Nn with respect to 
sulphuric acid and then saturated with anhydrous sodium 
sulphate. This solution was then extracted with an equal 
volume of butan-2-one. The organic layer was separated and 
the solvent removed on a boiling-water bath. The residue 
was taken up in water and samples were applied to sheets of 
Whatman no. | filter paper. After development the papers 
were sprayed with ammoniacal silver nitrate (equal parts of 
0-1n-AgNO, and 0-1N-NH, soln. mixed just before use). The 
sprayed chromatogram was dried at room temperature 
away from direct sunlight. The spots that developed were 
observed after about 4 hr. 

Citrate and glycollate were isolated by partition chro- 
matography on Celite no. 535 according to Swim & 
Krampitz (1954). By developing the columns with increas- 
ing concentrations of butanol in chloroform these authors 
were able to separate pyruvic, fumaric, succinic, 2-oxo- 
glutaric, malic and citric acids. The writer has found that 
the method can also be applied to the separation of glycollic 
and citric acids. The column was developed by the successive 
addition, in 100ml. quantities, of chloroform followed by 5, 
10, 15, 20, 25, 30, 35, 40, 50 and finally 60 % (v/v) of butanol 
in chloroform. Glycollic acid was eluted by 20% (v/v) 
butanol in chloroform and citric acid was eluted by 35% 
(v/v) butanol in chloroform. Both were estimated by titra- 
tion with 0-01N-NaOH. The identity and quantitative 
recovery of glycollic acid was confirmed by the colorimetric 
estimation according to Dagley & Rodgers (1953), and that 
of citric acid was confirmed by the colorimetric estimation 
according to Taylor (1953). 

Isotopic materials. Isotopically labelled [1-C]- and 
[2-4C]-glycine and [1-C]- and [2-!C]-bromoacetic acid 
were obtained from the Radiochemical Centre, Amersham. 
Labelled sodium glycollate was prepared as described below. 

Preparation of sodium [1-4C]- and [2-1C]-glycollate. 
These were prepared by the hydrolysis of [1-!C]- and 
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[2-4C]-bromoacetic acid respectively, according to Euler & 
Fahlander (1922). The bromoacetic acid (25 mg. equivalent 
to 0-1 mc) was dissolved in 7 ml. of 0-1N-NaOH. To this 
solution was added 1 ml. of water and the solution was 
heated on a glycerol bath at 75-80° for 3 hr. The solution was 
then evaporated to less than 1 ml. on a hot plate and, after 
cooling to room temperature, was acidified with 10N-H,S0, 
to pH less than 2. The glycollic acid present was isolated 
chromatographically on Celite as described above. After 
titration with 0-01N-NaOH the fractions containing the 
glycollic acid were pooled, and the aqueous layer was 
separated. The aqueous layer was evaporated to small 
volume on a hot plate and then dried in vacuo over cone. 
H,SO,. The yield of sodium glycollate was 17-9 mg. in 
each case (theoretical 18-0 mg.). The identity and purity of 
the synthetic product was established by (a) its chroma- 
tographic behaviour on Celite and (b) the colorimetric 
estimation carried out according to Dagley & Rodgers 
(1953). 

Assay of “C. Radioactive carbon was measured in the 
form of barium carbonate, with an end-window Geiger- 
Miiller counter, after conversion of organic compounds into 
CO, by heating with the wet-combustion mixture of Van 
Slyke & Folch (1940). The plating technique was introduced 
to the author by Dr H. J. Saz, and a full description is given 
by Ormerod (1956). In manometric experiments, respir- 
atory CO, was collected in 0-2 ml. of CO,-free 3n-NaOH in 
the centre well of the manometer cup. At the end of the 
experiment the alkali in the centre well was washed out 
with CO,-free water and made up to 10 ml. A sample 
of this solution, after the addition of carrier sodium 
carbonate, was converted into barium carbonate as 
described above. 

All activities have been corrected for self-absorption and 
background count and are expressed as counts/min. at 
infinite thinness. 


RESULTS 


Oxidative properties of Pseudomonas OD 1 
grown on different carbon sources 


Of the organic compounds tested as growth sub- 
strates for Pseudomonas OD1 only oxalate, DL- 
lactate, glycollate, pt-malate, succinate and pyru- 
vate were utilized (Jayasuriya, 1955) and the 
ability of washed-cell suspensions of OD1, when 
grown on the first four of these substrates, to 
oxidize various carbon compounds was examined. 

The rates of oxidation observed were relatively 
low compared with most other Pseudomonas 
species, even in the presence of the carbon sources 
used for growth. The oxidative powers of washed 
cells showed some response to growth in the 
presence of the substrate, e.g. cells grown on 
oxalate oxidized oxalate more rapidly than cells 
grown on lactate (Table 1), but there was no clear- 
cut instance of substrate oxidation being completely 
dependent upon the presence of the substance in the 
growth medium. In general, cells grown on malate, 
succinate or lactate oxidized the test compounds 
more readily than cells grown on oxalate or glycol- 
late. 
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In most of the subsequent experiments, lactate 
was used in preference to oxalate as growth sub- 
strate because (a) a higher yield of cells was obtained 
and (b) a wider range of respiratory substrates was 
attacked at a substantial rate by washed sus- 
pensions of cells grown on lactate. 


Effect of fluoroacetate on oxidation 
by washed cells 


It has been shown that animal tissues convert 
fluoroacetate (FAc) into fluorocitrate, which in- 
hibits the enzyme aconitase. This action blocks the 
tricarboxylic acid cycle and so inhibits the oxidation 
of acetate and causes the accumulation of citrate 
(Peters, 1952; Peters, Wakelin, Rivett & Thomas, 
1953). In an attempt to obtain further information 
on the oxidative properties of Pseudomonas OD 1, 
the effect of 0-001 mM FAc on the oxygen uptake and 
amounts of citrate accumulating in the presence 
of various substrates was examined. Elliot & 
Kalnitsky (1950) found that pre-incubation of 
tissues with FAc gave more complete inhibition of 
oxygen uptake, and therefore in all the experiments 
with FAc the washed-cell suspensions were pre- 
incubated with the inhibitor for 30 min. before 
addition of the substrate. The citrate produced was 
determined after stopping the reaction when the 
rate of oxygen uptake in the presence of substrate 
fell to the endogenous value. The oxygen up- 
take in the presence of the dicarboxylic acids 
succinic, fumaric, malic and oxaloacetic is not much 
greater than in their absence, and with these the 
values for citrate production were obtained after 
120 min. incubation and not when the oxygen 
uptake fell to the endogenous rate. In each ex- 
periment, a control reaction mixture containing no 
substrate was set up and analysed for citrate after 
incubation for the same time as the mixture with 
substrate. 

The effect of 0-001 m FAc on the oxygen uptake in 
the presence of 10 pmoles of substrate is shown in 
Table 1, and the citrate accumulating in the same 
experiments is given in Table 2. In the absence of 
FAc, the amounts of citrate found in the absence 
of substrate are very low: the increases due to 
the addition of substrate are negligible and need 
not be considered further. In the presence of 
FAc there was a considerable production of 
citrate in the absence of added substrate in all 
cases. 

With cells grown on lactate, the largest net 
accumulation of citrate was observed with 2-oxo- 
glutarate as substrate, but perhaps of more interest 
were the observations with the C, acids. Glycollate 
gave rise to a relatively large amount of citrate 
(1-13 moles from 10yumoles of substrate) and 
glycine gave rise to about half this quantity: with 
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all three acids the oxygen uptake due to the sub- 
strate was strongly inhibited (about 60%). By 
contrast, acetate and oxalate gave rise to virtually 
no citrate and the oxygen uptake in the presence of 
acetate was not inhibited, although that due to 
oxalate was inhibited somewhat. Pyruvate gave 
rise to less citrate than glycine or glycollate and, as 
with acetate, FAc had no effect on the oxygen 
uptake. The four C, acids tested gave rise to 
moderate amounts of citrate, in all cases less than 
that observed with glycine. These acids produce 
little increase in the oxygen uptake of the cells; 
consequently the degree of inhibition cannot be 
effectively assessed, owing to the small differences 
involved, though there are signs of inhibition. 
Glycollate does not give rise to citrate in cells 
grown on oxalate, but it must be borne in mind that 
such cells oxidize glycollate only slowly. A further 
distinctive feature of cells grown on oxalate is that 
the oxygen uptake in the presence of oxalate is 
unaffected by FAc, whereas with cells grown on 
lactate there is a substantial inhibition, indicating 
perhaps that a different mechanism for oxalate 
oxidation is operating in the latter. 

With cells grown on lactate, the amount of 
citrate formed from 2-oxoglutarate corresponds to 
a 50% conversion of the carbon of this substrate 
into citrate. With glycollate and glycine the citrate 
formed corresponded to 30 and 15% conversion 
respectively. These latter observations were of 
considerable interest, for although much work has 
been done on the oxidation of acetate (and tri- 
carboxylic acid cycle intermediates) very little is 
known about the metabolism of other C, acids. The 
formation of relatively large amounts of citrate 
from glycollate was unexpected and was therefore 
examined further. 


Effect of fluoroacetate on the oxidation 
of glycollate 


Fig. 1 shows in more detail the effect of FAc on the 
oxygen uptake of washed suspensions of cells grown 
on lactate in the presence of glycollate. Oxygen 
uptake values, corrected by subtraction of the 
values without glycollate, are also shown. In the 
absence of substrate the oxygen uptake was linear 
with time and values were 80 and 130,l./hr. in 
the presence and in the absence of FAc respectively. 
From the corrected curves it is seen that the oxygen 
uptake due to glycollate is linear with time until 
complete, both in the presence and in the absence of 
FAc. FAc not only inhibits the rate of oxygen 
uptake due to glycollate but also decreases the total 
oxygen uptake. This decrease is about 30 % and it is 
perhaps significant that this is virtually the same as 
the percentage of glycollate carbon converted into 
citrate in the presence of FAc. 
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Manometer cups contained: main compartment, 1-0 ml. of cell suspension (15 mg. dry wt./ml.), 0-5 ml. of 0-05 mM tri- 
ethanolamine buffer, pH 8-0, 0-1 ml. of 0-02m FAc; first side bulb, substrate (10 umoles); second side bulb, 0-2 ml. of 
2n-H,SO, ; centre well, 0-2 ml. of 10% (w/v) KOH. Total volume of contents, 2-4 ml.; temp. 25°; gas phase, air. The Qo, 
values are initial rates. Where the magnitude of the inhibition is difficult to assess, because of the small differences in 


measurements involved, no figure is given. 








Qo, 
_ . 
No FAc With FAc 
YY c $<, 
With With 
Endogenous substrate Net Endogenous substrate Net 
Substrate (a) (b) (c) =(b —a) (d) (e) (f)=(d-e) 
Cells grown on lactate 
Formate 10 17 7 7 13 6 
Oxalate A 27 23 2 16 14 
Acetate 9 27 18 5 22 17 
Glycollate 5 42 37 3 18 15 
Glycine 4 ll 7 2 5 3 
Pyruvate 10 40 30 7 36 29 
Succinate 9 12 3 5 5-5 0- 
Fumarate 9 16 7 5 10 5 
pDL-Maiate 5 12 7 3 8 5 
Oxaloacetate 7 9 2 4 5 1 
2-Oxoglutarate 1] 21 10 8 12 + 
Cells grown on oxalate 

Oxalate 3 40 37 2 39 37 
Glycollate 3 7 4 2 4 2 


Percentage 
inhibition 
100 (c —f)/e 


Table 2. Citrate production from various substrates in the presence of fluoroacetate 


The data are from the corresponding experiments of Table 1. 
g exp 


Citrate formed (jmoles) 


¢ 





14 
39 

6 
60 








No FAc With FAc 
. A 7 = -— , = 7 
With With 
Endogenous substrate Endogenous substrate Net 
Substrate (a) (b) (b-a) 
Cells grown on lactate 
Formate 0-03 0-04 1-15 1-15 0 
Oxalate 0-04 0-04 0-59 0-64 0-05 
Acetate 0 0-01 0-50 0-50 0 
Glycollate 0-04 0-08 0-59 1-72 1-13 
Glycine 0-02 0-02 0-64 1-18 0-54 
Pyruvate 0-03 0-05 1-15 1-59 0-44 
Succinate 0-07 0-07 0-84 1-07 0-23* 
Fumarate 0-07 0-09 0-84 1-22 0-38* 
DL-Malate 0-04 0-05 0-59 1-05 0-46* 
Oxaloacetate 0-05 0-07 0-74 1-06 0-32* 
2-Oxoglutarate 0-02 0-02 0-91 4-87 3-96 
Cells grown on oxalate 
Oxalate 0-04 0-07 0-17 0-17 0 
Glycollate 0-04 0-09 0-17 0-18 0-01 


* Citrate was determined after 120 min. incubation with substrate. In all other cases citrate was determined when the 


rate of O, uptake fell to the endogenous value. 


The effect of different concentrations of FAc on well as net citrate production due to glycollate. On 
citrate formation from glycollate was next ex- the other hand, with a lower concentration of FAc 
amined. From the results obtained (Table 3), (0-0001m) endogenous citrate formation is almost 
0-001 M seems to be the optimum concentration for the same, but net citrate production is much less. 
maximal citrate production. Higher concentrations In all subsequent experiments, FAc was used at a 


of FAc suppress endogenous citrate formation as final concentration of 0-001 Mm. 
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400 Isolation and characterization of citrate 


Citrate was determined by the colorimetric 
method of Weil-Malherbe & Bone (1949) as modified 
by Taylor (1953). The method is highly specific but 
it seemed important to confirm that the material 
giving the colour reaction was in fact citrate. 

The supernatants obtained from incubation 
mixtures both with and without added glycollate 
were examined by paper-partition chromatography 
(see Materials and Methods), and in both cases a 
spot was obtained in the position corresponding to 
citrate. In both cases also, partition chromato- 
graphy of the supernatants on Celite columns gave 
a substance having the same mobility as citrate. 
The amount of this substance eluted from the 
column prepared from incubation mixtures to 
which glycollate was added was much greater than 
that eluted from the column derived from the 
incubation mixture containing no glycollate. 
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Further evidence that the substance accumulating is 





50 citrate was provided by the isolation of the quinidine 
derivative from large-scale experiments, in which higher 
) proportions of glycollate to cells were used. The method of 
0 isolation used was based on that described by Weinhouse, 
10 20 30 “0 30 a Medes & Floyd (1946). Conical flasks (100 ml. capacity) 
Time (min.) fitted with a side bulb, centre well and a ground-glass neck 
= ; ; : carrying a tap, were employed. The main compartment 
Fig. 1. Progress curves for the oxidation of glycollate by . tai - 10 i of cell 7 coined ieeaa a it ; 
a : v 7 =) . 2e suspens « . ag rt. 5 
washed-cell suspensions. Manometer cups contained: ‘aaa £ 0-05M nes th plier scroaae : : fer , «4 - 0 = - 
. . E vo" . “Uo ld re é dle — ) er. ou, anc 
main compartment, 1-0 ml. of cell suspension (15 mg. dry Payee ce ; : a : cate t ere oe ae 
t./ml.), 0-5 ml . O06u tite tate 1 ml. of 0-02m FAc. The centre well contained 0-5 ml. of 
wt./ml.), 0-5 ml. o “O51 riethanole = 2 aE ; sie aa : << 
H 8-0, 0-1 ml. of 002m FAc (where indicated); side 20% (w/v) KOH and the side arm 4-0 ml. of 0-1 sodium 
: il 0 aol af 0-1 sila tial llate oni : well glycollate (400 pmoles). The volume of the reaction mixture 
UID, Ur - oO “1M soC rCOME ; centre wel, e . 1 . 
0-2 ml. of 10% (w/v) KOH Te = Gabeniel of content was made up to 20 ml. with water. The flasks were incubated, 
-2 ml. o rfw . Total v -ontents, . . . ; ; 
aes : . with shaking, at 25°. A control experiment was also carried 
2-2 ml.; temp. 25°; gas phase, air. A, FAc absent; B, : 2 : 
FA ‘: a. & os Goo 4 tet woes ill les out in which the glycollate solution was replaced by water. 
Ac present; a, b, as for A, B, values corrected by eee ee a Se ate ee eee) Ee 
seliteaiians of corresponding blank values in absence of After equilibration, the conte nts of the side arm were tipped 
; in. The O, consumption was followed manometrically in 
glycollate - I ; ; : 
= : parallel experiments carried out with conventional Warburg 
manometers holding a total volume of 2 ml. of reaction 
7 ae - mixture containing one-tenth of the above quantities. 
a F i . When the rate of O, consumption in the manometer cups 
Table 3. Effect of concentration of fluoroacetate with added glycollate had fallen to the value in the cups 
on citrate formation from glycollate with cells alone, 2-0 ml. of 2N-H,SO, was added to each of 
. 5 the larger vessels to stop the reaction. The acidified contents 
Manometer cups contained: main compartment, 1-0 ml. —_ were centrifuged to remove cells and to each of the super- 
é ‘. ' » . 6 8 I 
of cell Suspension (15 mg. dry wt./ml.), 0-5 ml. of 0-05M — natants8-0 ml. of 1ON-H,SO, was added to make the solution 
, triethanolamine buffer, pH 8-0, FAc (to give final concen- approximately 2-5N with respect to sulphuric acid. This 
tration as indicated below); first side bulb, 10umoles of — .olution was saturated with anhydrous sodium sulphate and 
, sodium glycollate in 0-2 ml.; second side bulb, 0-2 ml.  fijtered. The filtrate was extracted with an equal volume 


of 2n-H,SO,; centre well, 0-2 ml. of 10% (w/v) KOH. 


30 ml.) of butan-2-one. The organic layer was separated and 
: ee g : I 
Total volume of contents, 2-4 ml.; temp. 25°; gas phase, 


the solvent removed on a boiling-water bath. The residue 





= i was dissolved in 5 ml. of water. At this stage the solution 
eae ee (gmnaten) was tested for citrate by paper chromatography, and colori- 
Conen: of baie ‘With. erates. metrically. The solution was then brought to the boil and 
fluoroacetate Endogenous _ glycollate Net 250 mg. of basic quinidine added to the hot solution. This 
(M) (a) , (b) (b-a) was cooled rapidly to room temperature under the tap, 
0-02 0-80 1-41 0-61 filtered with suction and without washing on a Biichner 

0-01 0-80 1-60 0-80 funnel, and then allowed to stand at room temperature. 
0-002 0-99 1-79 0-80 After about 48 hr., crystals formed in the supernatant 
0-001 1-11 2-05 0-94 derived from the incubation mixture to which glycollate 


0-0001 1-19 1-30 0-11 was added. In form the crystals were characteristic rosettes 








474 
typical of quinidine citrate. They were filtered off and dried 
in vacuo over anhydrous calcium chloride. The m.p. of this 
material was 131-138°, and the m.p. of an authentic sample 
of quinidine citrate prepared from analytical reagent citric 
acid was 132-138°. The m.p. of the mixture was 130-137°. 
The wide range in the melting points of these quinidine 
derivatives, which has been observed by others (Weinhouse 
et al. 1946), is probably due to the adsorption of some of the 
basic quinidine on the quinidine citrate. The yield of 
quinidine citrate was 42 mg. (80% calculated on the colori- 
metric estimation of the citrate produced from incubation 
mixtures, in the large-scale experiments, to which glycollate 





had been added). 


The quinidine derivative could be isolated only 
from vessels to which glycollate was added. In the 
control experiment in which glycollate was omitted 
the concentration of citrate was presumably too 
low to permit the isolation of the quinidine salt. The 
amount of citrate isolated as the quinidine derivative 
(28 moles) from vessels to which glycollate was 
added was greater than the amount formed endo- 
genously (15 »moles) as estimated colorimetrically. 


Evidence for the conversion of glycollate 
into citrate 


Since some citrate was formed on incubating the 
cells alone with FAc it was essential to establish that 
the extra citrate accumulating in the presence of 
glycollate was derived from the glycollate and was 
not due to an indirect effect of glycollate on the 
endogenous metabolism. The following experiments 
were carried out with this object in view. 

Effect of cell concentration. The effect of varying 
the concentration of cells on citrate formation in the 
presence of a fixed amount of glycollate was in- 
vestigated. In this experiment the reactions were 
stopped when the rate of oxygen uptake in the 
presence of glycollate fell to the endogenous value. 
Since this occurred at different times with the 
different cell concentrations it was necessary to 
carry out a control without glycollate for each con- 
centration of cells used. The results (Table 4) show 
that the amount of citrate formed due to the added 
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glycollate is independent of the concentration of 
cells and hence independent of the amount of endo- 
genous material and metabolism. 

Effect of glycollate concentration. The comple- 
mentary experiment of determining citrate pro- 
duction in the presence of a fixed amount of cells and 
varying amounts of glycollate was also carried out. 
As with the previous experiment, the reactions were 
stopped in the individual incubation mixtures when 
the rate of oxygen consumption in the presence of 
glycollate fell to the endogenous rate. Again the 
reactions at each concentration of glycollate took 
a different time for completion and control experi- 
ments without glycollate were analysed at each 
of these times. Table 5 shows that the ratio of the 
net citrate produced to the glycollate added is 
constant. Therefore in the presence of a fixed 
amount of cells, citrate production is directly pro- 
portional to the quantity of glycollate added. Any 
citrate production due to a stimulation of the endo- 
genous metabolism by glycollate would cause a 
departure from the linear relationship observed 
between citrate formation and glycollate added. 





Table 4. Effect of concentration of cells on 
citrate formation from glycollate 


Manometer cups contained: main compartment, 1-0 ml. 
of cell suspension (dry wt. as indicated below), 0-5 ml. of 
0-05M triethanolamine buffer, pH 8-0, 0-1 ml. of 0-02m 
FAc; first side bulb, 5umoles of sodium glycollate in 
0-1 ml.; second side bulb, 0-2 ml. of 2N-H,SO, ; centre well, 
0-2 ml. of 10% (w/v) KOH. Total volume of contents, 
2-4 ml.; temp. 25°; gas phase, air. 


Citrate formed (moles) 





¥ ei Y 
With 

Cells Endogenous __ glycollate Net 
(mg. dry wt.) (a) (b) (b -a) 
5 0-21 0-74 0-53 

10 0-46 1-02 0-56 

15 0-69 1-22 0-53 

30 1-36 1-94 0-58 

60 1-84 2-42 0-58 


Table 5. Effect of concentration of glycollate on citrate formation 


Manometer cups contained: main compartment, 1-0 ml. of cell suspension (15 mg. dry wt./ml.), 0-5 ml. of 0-05m tri- 
ethanolamine buffer, pH 8-0, 0-1 ml. of 0-02 FAc; first side bulb, glycollate as indicated below; second side bulb, 0-2 ml. 
of 2n-H,SO, ; centre well, 0-2 ml. of 10% (w/v) KOH. Total volume of contents, 2-4 ml.; temp. 25°; gas phase, air. 


Citrate formed (moles) 





Glycollate Duration of — ~ — ~ Net 
added experiment With citrate/added 

(umoles) (min.) Endogenous glycollate Net glycollate 

2-5 40 0-47 0-73 0-26 0-104 

50 60 0-57 1-10 0-53 0-106 

10-0 110 0-73 1-77 1-04 0-104 

20-0 200 1-12 3-25 2-13 0-107 

40-0 270 1-29 5-42 4-13 0-103 
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Table 6. Progress of citrate formation and its relationship to oxygen uptake 
Manometer cups contained: main compartment, 1-0 ml. of cell suspension (15 mg. dry wt./ml.), 0-5 ml. of 0-05m tri- 
ethanolamine buffer, pH 8-0, 0-1 ml. of 0-02m F Ac; first side bulb, 0-1 ml. of 0-05 sodium glycollate; second side bulb 
0-2 ml. of 2N-H,SO, ; centre well, 0-2 ml. of 10% (w/v) KOH. Total volume of contents, 2-4 ml.; temp. 25°; gas phase, air . 
Time (min.) aia poe on 10 20 30 45 65 
Oxygen uptake (moles) 
(a) Cells alone 0-63 1-25 1-92 2-2% 3°35 
(b) Cells +5 pmoles of glycollate 1-92 5-18 7:37 9-15 11-16 
(c) Net (b-a) 1-29 3-93 5-45 6-92 7°81 
Citrate formed (moles) 
(d).Cells alone 0-54 0-56 0-57 0-57 0-61 
(e) Cells +5 pmoles of glycollate 0-64 0-80 0-90 0-98 1-07 
(f) Net (e-d) 0-10 0-24 0-33 0-41 0-46 
Quotient (c)/(f) 12-9 163 16-5 16-9 17-0 
Table 7. Carbon balance for synthesis Isotope balance. Attempts were next made to 
of citrate from glycollate confirm these results by using isotopically labelled 
lo tained : fice heal [1-44C]- and [2-C]-glycollate as substrate. The 
é ster C f € >: a 2€ é ent, 1° . . . < 
SRDAENIE CaYS See OSe HE Ce citrate formed was isolated chromatographically on 


of cell suspension (15 mg. dry wt./ml.), 0-5 ml. of 0-05m 
triethanolamine buffer, pH 8-0, 0-1 ml. of 0-02m F Ae; first 
side bulb, 0-2 ml. of 2N-NaOH (CO,-free); second side bulb, 
0-4 ml. of 4n-H,SO, ; Keilin tube, 0-1 ml. of 0-05msodium 
glycollate. Total volume of contents, 2-6 ml.; temp. 25°; 
gas phase, air. 


Carbon 
Substance content 
(umoles) (natoms) 
Glycollate added 5-0 10-0 


Glycollate recovered 0 0 


Glycollate utilized 5-0 10-0 

CO, produced 6-52 6-52 
Citrate produced 0-55 3°30 
Total carbon recovered — 9-82 


Progress of citrate formation. The progress of 
citrate formation with time wasalso followed. It can 
be seen from Table 6 that the ratio of the net oxygen 
consumption to the net citrate production is almost 

} constant for any given interval of time, except in the 
10min. experiment in which the experimental 
errors may be unavoidably large. These results 
indicate that citrate formation follows the same 
course as the oxygen consumption during the 
oxidation of the added glycollate. 

Carbon balance. Carbon-recovery experiments 

} (Table 7) show that 98% of the carbon of the 
glycollate utilized could be accounted for as 
respiratory carbon dioxide and citrate produced. 
Approximately one-third of the carbon of glycollate 
is converted into citrate. 

The results of the preceding experiments therefore 
suggest that the added glycollate acts as the sole 
source of carbon for the synthesis of the extra 
citrate produced in its presence, and eliminate the 
possibility that the increased citrate production is 
caused by a stimulation of endogenous citrate 
formation. 


Celite and its activity determined by quantitative 
oxidation to carbon dioxide. 

The incubation of washed-cell suspensions of 
OD 1 in the presence of glycine and FAc also results 
in the accumulation of citrate (Table 2). As glycine 
is structurally very similar to glycollic acid, and as 
isotopically labelled [1-™“C]- and [2-“C]-glycine 
were available, a few preliminary experiments were 
also done with [1-14C]- and [2-“C]-glycine as sub- 
strate. 

Table 8 shows that some of the activity of both 
[1-14C]- and [2-14C]-glycollate as well as [1-!4C]- and 
[2-44C]-glycine is incorporated into citrate. This 
confirms that the carbon of the added glycollate (or 
glycine) is converted into citrate. It is evident that 
with both glycollate and glycine the initial activity 
of the substrate can be accounted for almost 
entirely in the respiratory carbon dioxide and 
citrate produced. These results are therefore in 
complete agreement with carbon-recovery experi- 
ments (Table 7). 

From Table 8 it can also be seen that with either 
[1-4C]glycollate or [1-!4C]glycine as substrate, less 
than 10% of the initial activity of the substrate is 
incorporated into citrate, and the rest of the activity 
was recovered in the respiratory carbon dioxide. On 
the other hand, with either [2-™“C]glycollate or 
[2-4C]glycine, about 45 % of the initial activity of 
the substrate was incorporated into citrate, and the 
remaining activity was recovered in the respiratory 
Cco,. 

DISCUSSION 


The principal finding reported in this paper is the 
formation of citrate from glycollate by washed 
suspensions of Psewdomonas OD 1 in the presence of 
fluoroacetate. Under these conditions, the citrate 
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Manometer cups contained: main compartment, 0-5 ml. of 0-05 triethanolamine buffer, pH 8-0, isotopically labelled 
substrate as indicated below; first side bulb, 0-1 ml. of 0-02m FAc, 0-5 ml. of cell suspension (30 mg. dry wt./ml.); second 
side bulb, 0-2 ml. of 2N-H,SO, ; centre well, 0-2 ml. of 3n-NaOH (CO,-free). Total volume of contents, 2-4 ml.; temp. 25°; 
gas phase, air. All activities are expressed as counts/min. at infinite thinness. 


c 
5 umoles of glycine 


Substrate 
ea 


10 zmoles of glycollate 





f a ‘Y t ‘\ 
Substrate UsCe BMC} [1-“C} [2-"C} 
Initial activity 13 240 16 180 1 417 000 1 232 000 
Final activity 0 0 0 0 
Activity recovered in 
(a) Respiratory CO, 12 980 9 280 1 277 000 632 000 
(b) Citrate formed 480 6 560 94 000 566 000 
Total recovery 13 460 15 840 1 371 000 1 198 000 


which accumulates in excess of that appearing in the 
absence of substrate appears to be formed entirely 
from glycollate. This conclusion is based on the 
following evidence: (1) In the presence of a fixed 
amount of glycollate, the amount of extra citrate 
formed is independent of the amount of cells present. 
(2) In the presence of a fixed amount of cells, the 
extra citrate produced is directly proportional to the 
amount of glycollate added. (3) Citrate formation 
parallels the oxygen consumption due to glycollate. 
Oxygen consumption is linear, and if it be taken as 
a measure of the amount of glycollate metabolized 
then it follows that citrate appearance parallels the 
disappearance of glycollate. (4) The carbon of the 
glycollate utilized can be accounted for entirely by 
the extra citrate and carbon dioxide produced; 33 % 
of the carbon appears in citrate and the remainder in 
the carbon dioxide. (5) The isotope experiments 
indicate that 46 % of the C-2 atom of glycollate and 
about 7% of the C-1 atom are incorporated into 
citrate. This corresponds to a conversion of 27 % of 
the total carbon of the glycollate into citrate, which 
corresponds reasonably well with the 33% con- 
version indicated by the carbon-recovery experi- 
ment. 

The action of fluoroacetate in this organism will 
now be briefly considered. Whilst it is known that 
animal tissues convert fluoroacetate into fluoro- 
citrate, which inhibits aconitase (Peters, 1952; 
Peters et al. 1953), so blocking the tricarboxylic acid 
cycle, it is by no means certain that this is the sole 
effect of fluoroacetate on metabolic processes. Data 
on the effect of this inhibitor on whole cells must 
be interpreted with appropriate caution. In the 


present work the inhibition of glycollate oxidation 
is accompanied by an accumulation of citrate, 
suggesting that the inhibition is in fact due to 
inhibition of aconitase. There are, however, certain 
features of the effects of fluoroacetate upon this 


organism which cannot be readily explained. These 
are: (1) fluoroacetate does not inhibit the oxygen 
uptake due to acetate or pyruvate; (2) no citrate 
accumulates from acetate in the presence of fluoro- 
acetate; (3) 2-oxoglutarate is by far the best 
substrate for citrate formation in the presence of 
fluoroacetate; (4) fluoroacetate has no effect upon 
the oxidation of oxalate by cells grown on oxalate, 
but an appreciable inhibition is observed with cells 
grown on lactate, although citrate does not accumu- 
late in either case. 

In animal tissues and in some micro-organisms, 
there is abundant evidence that citrate is formed 
from acetyl-coenzyme A and oxaloacetate (Ochoa, 
1954). The recent work of Campbell, Smith & 
Eagles (1953) and of Saz (1954) on Pseudomonas 
aeruginosa and P. fluorescens and of Olson (1954) 
on Penicillium chrysogenum suggest that citrate 
may also be synthesized by a condensation of 
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glyoxylate with succinate. A third reaction possibly | 


involved in citrate synthesis is the reductive 
carboxylation of 2-oxoglutarate (Ochoa, 1948), and 
with regard to this possibility it may be significant 
that 2-oxoglutarate gives the highest yield of citrate 
in Pseudomonas OD1. This present knowledge, 
however, concerns only the final stage in citrate 
synthesis; little is known of the synthesis of C, acids 
or of 2-oxoglutarate, or of the pathways whereby 
citrate is synthesized entirely from C, substrates in 
general and glycollate in particular. The formation 
of citrate from glycollate by Pseudomonas OD1 is 
a new reaction which appears worthy of further 
study. The isotope experiments reported in this 
paper already show one interesting feature of this 
process, namely, that there is a preferential in- 
corporation of the C-2 atom of glycollate or glycine 
into citrate. Further experiments on the mech- 
anism of citrate synthesis by this organism will be 
published in a subsequent paper. 
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SUMMARY 


1. The oxidizing abilities of washed suspensions 
of cells of Pseudomonas OD1 grown on oxalate, 
glycollate, lactate, malate and succinate have been 
examined. Qo, values are low compared with those 
for other species of Pseudomonas. The oxidizing 
powers show some response to growth substrate, 
but there isno clear-cut case of adaptive oxidation of 
any of the test substrates (mainly C, acids and tri- 
carboxylic acid cycle intermediates). In general, 
cells grown on lactate displayed the best oxidizing 
ability. 

2. With cells grown on lactate, 0-001™ fluoro- 
acetate strongly inhibits the oxygen uptake due to 
glycine, glycollate or 2-oxoglutarate, but has little 
effect on that due to acetate or pyruvate. Under the 
same conditions, the amount of citrate accumulat- 
ing is increased by glycollate, glycine, pyruvate, 
succinate, fumarate, malate, oxaloacetate and 2- 
oxoglutarate, but not by acetate or oxalate. 

3. The highest amounts of extra citrate were 
produced from 2-oxoglutarate, glycollate and 
glycine, representing about a 50, 30 and 15% 
conversion, respectively, of substrate carbon into 
citrate. 

4. Glycollate appears to act as the sole source of 
carbon for the extra citrate synthesized in its 
presence. The glycollate carbon not converted into 
citrate appears as carbon dioxide. 

5. The two carbon atoms of glycollate do not 
contribute equally to the synthesis of citrate; there 
is 2 preferential incorporation of the C-2 atom. 
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[ wish to express my very sincere thanks to Dr 8. R. Elsden 
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acknowledge the receipt of a grant from the Government of 
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Carbohydrate Metabolism in Citric Acid Fermentation 


5. PURIFICATION AND PROPERTIES OF ZWISCHENFERMENT 
FROM ASPERGILLUS NIGER* 
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National Chemical Laboratory of India, Poona, India 


(Received 6 April 1956) 


Zwischenferment, which catalyses the dehydrogena- 
tion of glucose 6-phosphate by triphosphopyridine 
nucleotide, was discovered by Warburg & Christian 
(1931). The high specificity of the enzyme makes it 
valuable for the estimation of glucose 6-phosphate, 
triphosphopyridine nucleotide, fructose 6-phos- 

* Part 4: Jagannathan, Kartar Singh & Damodaran 
(1956). 


phate, glucose 1-phosphate, hexokinase, phospho- 
glucomutase and phosphoglucoisomerase. Zwischen- 


ferment from yeast has been purified about 500-fold 


by Negelein & Gerischer (1936). A simple procedure 
for the preparation of yeast Zwischenferment 
suitable for the estimation of glucose 6-phosphate 
and triphosphopyridine nucleotide has been de- 
scribed by Kornberg (1950). But the specific activity 
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of the enzyme was reported to be only one-third of 
that obtained by Negelein & Gerischer (1936) and 
the presence of phosphoglucoisomerase and hexo- 
kinase in the preparation makes it unsuitable for the 
estimation of these enzymes. Damodaran, Jagan- 
nathan & Kartar Singh (1955) recently showed the 
presence of a Zwischenferment specific for triphos- 
phopyridine nucleotide in a strain of Aspergillus 
niger giving high citric acid yields. The ease with 
which A. niger can be grown in sufficient quantity, 
and the high Zwischenferment activity of the 
mycelium, make it a suitable source of the enzyme. 
Fractionation of mycelial extracts with ammonium 
sulphate and calcium phosphate gel gave a pre- 
paration the specific activity of which was about 
five to seven times as high as that reported by 
Kornberg (1950) for the enzyme from yeast. The 
purified enzyme was free from phosphoglucoiso- 
merase, phosphoglucomutase and hexokinase and 
has been used in this laboratory for the routine 
estimation of these enzymes and of their substrates. 
The purification and properties of Zwischenferment 
from A. niger are described in this paper. 





MATERIALS AND METHODS 


Adenosine triphosphate (ATP), diphosphopyridine nucleo- 
tide (DPN), fructose 6-phosphate (F 6-P) and glucose 6- 
phosphate (G 6-P) were obtained from Schwarz Labora- 
tories, and glucose 1-phosphate (G1-P) and protamine 
sulphate from Light and Co. Barium 6-phosphogluconate 
was a generous gift from Dr Seymour S. Cohen and triphos- 
phopyridine nucleotide (TPN) (65% pure) from Dr D. R. 
Sanadi. A crude liver preparation containing 10% of TPN 
and 20% of DPN, prepared according to LePage & Mueller 
(1949), was used for routine assay and gave the same results 
as the purer TPN preparation. Calcium phosphate gel 
(Keilin & Hartree, 1937) was aged for at least 6 months 
before use. Glass-distilled water was used in all experiments. 
The acetate buffers used in the purification of the enzyme 
were prepared from the sodium salt and the phosphate 
buffers were prepared from KH,PO, and K,HPO,. 

The pH was determined with the glass electrode and 
optical measurements were made (with 1 em. light path) in 
a Beckman Model DU quartz spectrophotometer fitted 
with a constant-temperature arrangement. 

Activity of the Zwischenferment. This was determined by 
measuring the increase in optical density at 340 mp. 
resulting from reduction of TPN. The test system, which is 
similar to that of Scott & Cohen (1953), contained 20 umoles 
of G 6-P, 45 moles of magnesium chloride, 110 moles of 
glycylglycine, 0-4umole of TPN and enzyme in a total 
volume of 3-0 ml. at pH 7-6, and was incubated at 30°. The 
amount of enzyme taken for the test was such that the 
change in optical density was 0-006-0-010 in 15 sec. About 
0-6-1-0 ng. of purified enzyme with a specific activity of 
20 units/mg. was required for the test. The rate of TPN 
reduction was calculated from the mean of the first ten 
readings at 15 sec. (extinction coefficient of reduced TPN, 
6-22 x 10° em.? x mole!) (Horecker & Kornberg, 1948). 
Enzyme activity was expressed as pmoles of substrate 
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oxidized (or TPN reduced) per minute under these condi- 
tions, and the specific activity of the enzyme as activity per 
mg. of protein. 

The methods used for protein estimation, ammonium 
sulphate fractionation and the growth of A. niger have been 
described in detail in the earlier paper of this series (Jagan- 
nathan, Kartar Singh & Damodaran, 1956). 


RESULTS 
Purification of Zwischenferment. About 2 kg. of 
A. niger mycelium, which had been kept at — 20° 
for about 4-6 weeks, was mixed with 2 1. of ice-cold 
0-O1N-NH, soln. and allowed to stand at room 
temperature for 1-2 hr. with occasional stirring. 
When the frozen mycelium had thawed (temper- 


ature about 1°), the material was squeezed through \ 
rouslin and the extract discarded. The residue could | 


be used immediately for the extraction of Zwischen- 
ferment, but was, in general, washed with an equal 


weight of ice water and kept for about 2 weeks at | 


— 20° before use, since higher yields of enzyme were 
obtained by this procedure. This preliminary 
extraction removes many of the glycolytic enzymes 
(including phosphoglucoisomerase, hexokinase, etc.) 
without appreciable loss of Zwischenferment. 

The residual mycelium (1-9 kg.) was mixed with 
1-91. of cold 0-2mM-K,HPO, and was allowed to 
thaw at room temperature. It was maintained at 
0—-5° with occasional stirring for 2 hr. and was then 
squeezed through muslin. The pH of the pale-yellow 
filtrate was about 7-4—7-6 (fraction I). 

All further operations were carried out at 0-5°. 
The extract was brought to 0-6 saturation by the 
addition of solid ammonium sulphate and the pre- 
cipitate was collected on a 15 em. filter by filtration 
with gentle suction. The precipitate was suspended 
in 200 ml. of 0-2m phosphate buffer, pH 7-4 (final 
volume 224 ml., 0-06 saturation with respect to 
residual ammonium sulphate), and refractionated 


by the addition of solid ammonium sulphate. The } 


fraction obtained between 0-35 and 0-55 saturation 
was collected by centrifuging and dissolved in 
12 ml. of 0-05m phosphate buffer, pH 7-4 (fraction 
II). The entire procedure after the extraction of the 
enzyme up to this stage was carried out preferably , 
on the same day, but fraction II could be stored at 


— 20° for several weeks. ; 


Fraction II was diluted with acetate buffer, to 
give a final concentration of 8-12 units of enzyme/ 
ml. of 0-1m acetate buffer, pH 5-8. A solution of 
protamine sulphate (10 mg./ml. of 0-1m acetate 
buffer, pH 6-0) was then added to it till no further 
precipitation occurred, 1 mg. of protamine sulphate 
being, in general, sufficient for 35 mg. of protein. The 
precipitate was centrifuged after 30min., at 
15000 g, and discarded. The enzyme in the super- 
natant was adsorbed on calcium phosphate gel as 
described below. 
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Samples (1 ml.) of the supernatant were mixed 
with 0-1, 0-2, 0-3, 0-4 and 0-5 ml., respectively, of 
calcium phosphate gel (16 mg. of calcium phosphate/ 
ml.; 0-1m with respect to acetate buffer at pH 6-0) 
and made up to 2 ml. with 0-1 acetate buffer at 
the same pH. After 10min. the supernatant 
obtained after centrifuging was analysed for 
enzyme activity and protein. (Dilutions were made 
with acetate buffer, pH 6-0, for spectrophotometric 
protein determinations, since precipitation of 
protamine occurred on dilution with water or 
alkaline buffers.) The optimum amounts of gel to be 
added were calculated from this preliminary 
experiment. A portion (400 ml.) of protamine 
supernatant corresponding to about 2kg. of 
mycelium was treated with 20 ml. of gel, stirred 
gently for 30 min. and centrifuged. The residue, 
which contained very little enzyme, was discarded 
and the supernatant was treated as before with 
140 ml. of gel to adsorb the enzyme. After centri- 
fuging the gel was washed twice with 20 ml. 
portions each of 0-1m acetate buffer, pH 6-0. The 
enzyme was then eluted with 20ml. of 0-65 
saturated ammonium sulphate solution which was 
007m with respect to acetate buffer at pH 6-0 
(fraction III). The specific activity of the eluate 
varied from 7 to 12 with different batches of 
mycelium. 

The eluate was refractionated by the addition of 
saturated ammonium sulphate solution, and the 
fractions obtained between 0-65-0-70, 0-70—-0-73 
and 0-73-0-76 saturation were collected by centri- 
tuging. The 0-73-0-76 fraction had a specific 
activity of 20-24 and was suitable for analytical 
purposes (fraction IV). Further purification by 
ammonium sulphate fractionation gave a prepara- 
tion of about twice this specific activity (43-44), but 
the quantity of enzyme obtained was too little for 
determining its homogeneity. The purification 
procedure up to fraction IV was found to be 
reproducible with six different batches of mycelium, 
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and the yield was 14-18% of the activity of the 
extract. It should, however, be noted that the 
activity of the extract shown in Table 1] is higher 
than the actual value, since the extract contains 
6-phosphogluconic dehydrogenase. 

Properties. Purified enzyme preparations were 
generally dissolved in ammonium sulphate solution 
(0-40 saturation and 0-06—0-08m with respect to 
acetate buffer at pH 6-0), and could be kept at 0° for 
2-3 days or at — 20° for at least 2-3 months without 
any loss of activity. When the enzyme was sus- 


‘ pended in ammonium sulphate solution in the 


absence of acetate buffer, the enzyme was less 
stable, especially if the pH was below 5-0. Dilute 
solutions in phosphate or aminotrishydroxymethyl- 
methane buffer, pH 7-4 (0-1 mg. of protein/ml.), 
were stable at — 20° for about 2 days, but lost about 
half the activity in 24-36 hr. at 0°. At higher con- 
centrations (1-5 mg. of protein/ml.) the enzyme 
could be dialysed against neutral buffers at 0° for 
12-14 hr. with a loss of only 10% of the activity. 
The rate of reduction of TPN was proportional to 
enzyme concentration and time when the total 
change in optical density was less than 0-10. The 
enzyme was specific for TPN and showed no 
activity or inhibition with DPN (lpmole/ml.). 
Purified Zwischenferment (fraction IV) was found 
to have no phosphoglucoisomerase, phosphogluco- 
mutase, hexokinase or 6-phosphogluconic dehydro- 
genase, as shown by the absence of TPN reduction in 
30 min. with 100yg. of enzyme, when G 6-P was 
replaced in the routine test system by equivalent 
amounts of F 6-P, G 1-P (with or without 10 pmoles 
of cysteine), glucose and ATP, or 6-phosphoglucon- 
ate. Phosphatase activity with these substrates, 
destruction of TPN or re-oxidation of reduced TPN 
was also not observed in 30 min. with the same 
quantity of enzyme. The gel eluate (fraction IIT) 
has been used for the routine estimation of G 6-P, 
TPN and F 6-P, but the presence of other enzyme 
impurities in this fraction has not been studied. 


Table 1. Purification of Zwischenferment 


A, niger mycelium (1-9 kg. fresh wt.) obtained after preliminary extraction with dilute ammonia soln. was used for this 


experiment. 


Total Total Specific 
Vol. activity protein activity 
Fraction (ml.) (units) (mg.) (units/mg.) 
I Extract 1900 5430 18 000 0-3 
It Ammonium sulphate fraction 23-2 4060 3 013 1:3 
0-35-0-55* 
III Gel eluate 20-0 2160 212 10-2 
Ammonium sulphate fractions 

0-65-0-70* 2-4 234 49 4:8 
0-70-0-73* 0-6 263 19 13-8 
IV 0-73-0-76* 1-5 820 41 20-0 


* These figures refer to the degree of saturation with ammonium sulphate. 
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pH optimum. Zwischenferment from A. niger 
showed a broad pH optimum between 8-1 and 8-6 
(Fig. 1) similar to that of the enzyme from Escheri- 
chia coli (Scott & Cohen, 1953). At pH 7-6, which 
was used for routine enzyme assay, the activity of 
the enzyme was about 10-15 % less than at pH 8-1. 

Substrate concentration. The effect of substrate 
concentration on enzyme activity (Lineweaver & 
Burk, 1934) is shown in Fig. 2. The Michaelis con- 
stant for the enzyme was about 1-7 x 10-*m, which 
is of the same order as that reported for the enzyme 
from E. coli [3 to 5 x 10-4m (Scott & Cohen, 1953)]. 
The concentration of TPN used in the test system 
(1:-67x10-4m) was found to be optimum for 
enzyme activity, and the increase in activity at 
higher TPN concentrations (5 x 10-*M) was neg- 
ligible. 

Effect of bivalent metals. Zwischenferment from 
yeast and F. coli has been shown to be activated by 
Mg?+, Ca?+, Ba?+ and Mn?+ ions (Kornberg, 1950; 
Scott & Cohen, 1953). The effect of different 
bivalent cations on the enzyme from A. ‘niger is 
shown in Table 2. The Ca?+, Mg?+ and Ba?* ions 
showed a slight activation at low concentrations, 
and at higher concentrations Ca?*+ and Ba** ions 
were inhibitory; Zn?+, Co?+, Mn?+ and Cu?+ ions 
were found to be inhibitory, whereas Scott & Cohen 
(1953) observed activation of the enzyme from 
E. coli by Mn?*+ and Co?* ions and inhibition by 
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Change in optical density/min. 


55 6 uv, 8 ? 
pH 

Fig. 1. Effect of pH on enzyme activity. The test system 
containing 20 umoles of G 6-P, 45 umoles of magnesium 
chloride, 0-4mole of TPN and 110pmoles of glycyl- 
glycine was adjusted to the required pH by the addition 
of 0-2N-HCl or 0-2N-NaOH and made up to 2-9 ml. The 
reaction was started by the addition of 0-1 ml. of enzyme 
containing 1 yg. of protein of specific activity 16 units/mg., 
which was adjusted to the same pH as the test solution. 
The variation in pH of the test solution determined before 
and after measurement of enzyme activity was negligible. 
Temp., 30°. 
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, 1 2 3 4 
10-3 [S] 
Fig. 2. Effect of substrate concentration [S]. v is ex- 
pressed as increase in optical density/min. at 340 mp. 
K,, =1:7 x 10-*m. 


Table 2. Effect of bivalent metals 


Composition of the assay system for the enzyme was the 
same as in the routine test except for magnesium chloride 
and other additions indicated in the table. 

Change in Activation (+) 
optical or 


Conen. density at inhibition (-—) 
Additions (mm) 340 my./min. (%) 
— — 0-041 -- 
MgCl, 1-7 0-042 + 24 
3:3 0-044 + 7-4 
5-0 0-044 + 74 
10-0 0-046 + 12-2 
15-0 0-046 +12-2 
CaCl, 5-0 0-043 + 50 
15-0 0-043 + 50 
30-0 0-043 + 50 
60-0 0-031 — 24-4 
BaCl, 1-0 0-041 -— 
10-0 0-048 +17-0 
20-0 0-050 + 22:0 
40-0 0-039 “— 50 
Mgt 1,* +Co?+ 0-1 0-035 — 24-0 
1-0 0-030 — 34-8 
10-0 0-023 — 50-0 
Mg(Cl,* + Zn2+ 0-1 0-039 ~15-0 
1-0 0-035 — 24-0 
2-0 0-025 —45:7 
6-6 0-015 — 67-4 
MgCl,* + Mn?* 1-0 0-032 — 30-0 
MgCl,* + Cu?+ 0-1 0-033 — 28:3 
1-0 0-027 —41:3 
2-0 0-022 — §2-2 
3-0 0-018 —61-0 


* The amount of magnesium chloride added in these 
tests was 45 umoles and the percentage of inhibition was 
calculated relative to the activity of the control containing 
the same amount of MgCl, (AZ, 0-046/min.). 
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Zn**+ and Cu?+ ions. No absolute requirement for 
bivalent ions could be demonstrated with Zwischen- 
ferment from A. niger, and ethylenediaminetetra- 
acetate (7 x 10-3m) was found to have no effect on 
activity. The metal content of the enzyme prepara- 
tion was, however, not investigated. 

Cysteine, iodoacetate and fluoride had no effect 
on enzyme activity at a concentration of 10-?M. 
The enzyme from liver has been reported to be 
susceptible to sulphydryl inhibitors (Glock & 
McLean, 1953). 


DISCUSSION 


Maximum Zwischenferment activity was obtained at 
the concentrations of G 6-P and TPN used in the 
routine assay system. Under the experimental 
conditions described by Kornberg (1950) at 25°, the 
activity of the enzyme was about 28 % less. 

The purity of fraction ITV was about six times 
higher than that reported by Kornberg for the yeast 
enzyme. The purified preparation of Negelein & 
Gerischer (1936) catalysed the uptake of 15-6 wmoles 
of oxygen/min./mg. of enzyme at 38°, when the 
activity was measured manometrically in the 
presence of Warburg’s ‘yellow enzyme’ and oxygen, 
lymole of oxygen being equivalent to 1 pmole of 
reduced TPN in the absence of catalase (Warburg & 
Christian, 1933). But the relative purity of this 
preparation is difficult to ascertain with accuracy 
owing to the differences in the method of enzyme 
assay. 
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SUMMARY 


1. Zwischenferment from Aspergillus niger was 
purified about 60-fold. 

2. The purified enzyme was free from phospho- 
glucoisomerase, phosphoglucomutase, hexokinase 
and 6-phosphogluconic dehydrogenase, and was 
suitable for analytical purposes. 

3. Some of the properties of the enzyme, pH 
optimum, Michaelis constant, etc., have been 
described. 
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Many indolic compounds, and their degradation 
products, can occur in urine in pathological states, 
@.g. carcinoidosis (ef. review by Langemann, 1955) 
and Hartnup syndrome (Dent, 1952). Some of the 
metabolites may be concerned with bladder cancer 
(e.g. Boyland & Williams, 1955), and the appearance 
of metabolites in the urine may give valuable 
information on the state of vitamin nutrition 
(Dalgliesh, 1956). Identification of such substances 
is thus becoming of increasing importance, but the 
number of indolic compounds and their degradation 
products, potentially occurring, is too large to 
permit separation on one-dimensional chromato- 
grams. A two-dimensional system suitable for 


routine use was therefore sought, and this paper 


31 


reports the ‘map of the spots’ given by the solvent 
combination finally selected from amongst several 
tried. 

EXPERIMENTAL 


Chromatograms were run by the descending technique 
on sheets of Whatman no. 1 paper, 18} in. x 22} in. The 
sources of substances used in synthetic mixtures are 
given in the footnotes to Tables 1 and 2. Urine extracts 
were prepared by adsorption of aromatic metabolites 
on deactivated charcoal, followed by elution with 
aqueous phenol, and concentration of the phenol eluate 
(Dalgliesh, 1955a). All chromatograms were run at room 
temperature, the chromatography tanks being away 
from draughts, but the temperature not being otherwise 
controlled. 
Bioch. 1956, 64 
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Chromatograms were first run in the long dimension over- 
night (about 15 hr.), the organic layer of a freshly prepared 
n-butanol-acetic acid-water mixture (4:1:5, by vol.; 
Partridge, 1946) being used as solvent. The chromatograms 
were dried and then run in the short dimension with 20% 
(w/v) aqueous KCl as solvent (Boscott, 1952). The run in the 
second dimension requires only 3-4 hr. 

The detection and colour reactions of most of the sub- 
stances in Tables 1 and 2 have been described in earlier 
papers (Dalgliesh, 1952b, 19554, c). Colour reactions of the 
remaining substances can be readily inferred by comparing 
their structures with those of similar substances described 
in the above-mentioned papers. 


RESULTS AND DISCUSSION 


Previous work (Dalgliesh, 19526) showed that for 
a single-dimensional separation of indoles and 
related substances an excellent solvent is butanol— 
acetic acid—water. This mixture was therefore 
selected for separation in the first dimension and 
search was made for the most suitable solvent for the 
second dimension. A basic solvent is undesirable 
because of the ready oxidation of many relevant 
substances (e.g. 5-hydroxyindolylacetic acid, 3- 
hydroxykynurenine) under alkaline conditions. 
Propan-2-ol-ammonia has been used by Jepson 
(1955) for chromatography of urinary indoles, but 
in our experience there was appreciable oxidation 
with this solvent, and moreover the derived two- 
dimensional pattern obtained with known sub- 
stances and with urine extracts was not well spaced 
out. Other basic solvents tried had similar defects. 
Homogeneous alcohol solutions (e.g. propan-2-ol— 
water) gave poor resolution, and the volatility of 
lower alcoho!s resulted in variable R, values when 
chromatography was carried out at room temper- 
ature without temperature control. Phenolic sol- 
vents are slow, and undesirable when reagents for 
phenols are likely to be used for detecting meta- 
bolites. Neither aqueous alcohols nor aqueous 
phenols gave good two-dimensional patterns when 
combined with butanol—acetic acid—water as first 
solvent. However, excellent results were obtained 
with aqueous salt solutions (Boscott, 1952). These 
give good resolution, the chromatograms need no 
pre-equilibration and, when chromatograms are 
sarried out at room temperature without temper- 
ature control, aqueous salt solutions result in more 
consistent R, values than are usually given by 
mixtures containing organic solvents. Moreover, 
salt solutions are fast-running, and enable a two- 
dimensional chromatogram on standard-sized sheets 
(184 in. x 224 in.) to be completed in 18-20 hr. 
Curzon (1955) has found an aqueous salt 
solution to be a good chromatographic solvent for 


also 


indoles. 
Several salt solutions were tried. Salts of organic 
acids, such as sodium formate, were found undesir- 
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able because the mildly alkaline conditions favoured 
oxidation. Neutral salts, such as sodium or potas- 
sium chloride or ammonium sulphate, all gave com- 
parable chromatograms, the resultant R, values 
tending to decrease as salt concentration increased. 
A 20% (w/v) aqueous solution of potassium 
chloride was finally selected for routine use and a 
standard ‘map of the spots’ prepared. 

The results are summarized in Table 1. All R, 
values in Table 1 are based on a minimum of ten 
determinations. R, values of authentic substances 
were determined on mixtures of at least six, and 
usually ten to twelve, substances run simul- 
taneously, and each substance was run in at least 
four different combinations. The chromatograms 
reported in Tables 1 and 2 were carried out during 
a period of about 6 months, without special control 
of temperature. The ranges quoted in Table 1 show 
the order of variability of R, values encountered. 
The comparative constancy of R, values obtained 
with the aqueous solvent is evident. The R, values 
for substances in urine extracts were obtained at 
different times (and usually with different batches 
of paper) from those for the same substances in 
synthetic mixtures, and comparison of the two sets 
of values shows the order of constancy of the 
chromatographic behaviour. The resultant chro- 
matographic pattern of the principal substances 
related to indolic metabolism is combined in the 
‘map of the spots’ shown in Fig. 1. Some substances, 
notably skatole and o-aminoacetophenone, vola- 
tilize during the double drying involved in two- 
dimensional chromatography and are omitted from 
Table 1 and Fig. 1. Basic substances in the form of 
salts run more slowly in butanol-acetic acid, and 
values for both free bases and hydrochlorides are 
therefore given. Overlapping occurs between in- 
dolylaceturic and indolyl-lactic acids, and between 
indolylpropionic acid and indolylacetonitrile. There 
is no evidence as yet to suggest that indolyl- 
acetonitrile occurs other than in plant sources. 
Other pairs of substances running close together, 
e.g. pairs 3 and 7 or 5 and 22, differ sufficiently in 
their reactions to be readily distinguishable even if 
overlapping occurs. 

Some of the values in Table 1 are for substances 
available only as components of urine extracts: 
most of these can be identified with confidence. 
G. Curzon (private communication) has found that 
each of several 5-hydroxyindoles investigated gives 
on autoxidation at pH 7 appreciable amounts of a 
new indole, the autoxidation product of 5-hydroxy- 
indolylacetic acid being apparently identical with 
a major indolic constituent of the freshly passed 
urines of patients with carcinoidosis. These obser- 
vations have been confirmed and the R, values of 
the 5-hydroxyindolylacetic acid autoxidation pro- 
duct are included in Table 1. 
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Table 1. Chromatographic behaviour of known or potential tryptophan metabolites and related indolic compounds 


Mean Fp, 


Mean Fp, 


No. of _ butanol-acetic acid 20% KCl 
Origin of Ref. no. determi- (range in (range in Source of 
Substance mixturet onmap nations parentheses) parentheses) material] 
N*-Acetylkynurenine Synth. 1 10 0-83 (0-80-0-86) 0-82 (0-80-0-83) A 
Urine — 16 0-82 (0-76-0-86) 0-82 (0-81-0-83) B 
N*-Acetyl-3-hydroxykynurenine Urine 2 16 0-75 (0-70-0-81) 0-74 (0-70-0-76) B 
N*-Acetyltryptophan Synth. 3 11 0-86 (0-84-0-89) 0-68 (0-65-0-71) Cc 
o-Aminohippuric acid Synth. 4 10 0-77 (0-72-0-82) 0-81 (0-79-0-82) D 
Urine — 12 0-76 (0-72-0-81) 0-80 (0-78-0-83) E 
2-Amino-3-hydroxyacetophenone Synth. 5 10 0-87 (0-84-0-90) 0-51 (0-47-0-56) F 
2-Amino-3-hydroxyacetophenone Synth. 6 10 0-46 (0-42-0-53) 0-71 (0-69-0-73) G 
0-sulphate Urine — 18 0-47 (0-43-0-52 0-72 (0-70-0-76) H 
Anthranilic acid Synth. 7 10 0-89 (0-87-0-93) 0-67 (0-64-0-68) I 
Urine = 12 0-88 (0-84-0-92) 0-67 (0-66-0-68) E 
Anthranilic acid glucuronide Urine 8 12 0-57 (0-54-0-60) 0-81 (0-79-0-84) E 
Bufotenin (free base) Synth. 9 10 0:50 (0-47-0-56) 0-51 (0-49-0-53) J 
Bufotenin (hydrochloride) Synth. 9a 13 0-34 (0-32-0-38) 0-51 (0-48-0-57) J 
3-Hydroxyanthranilic acid Synth. 10 12 0-85 (0-81-0-88) 0-61 (0-56-0-63) 5 
5-Hydroxyanthranilic acid Synth. 11 13 0-58 (0-53-0-61) 0-71 (0-69-0-75) K 
5-Hydroxyindolylacetic acid Synth. 12 2 0-76 (0-73-0-79) 0-49 (0-46-0-51) J 
Urine — 44 0-74 (0-71-0-79) 0-48 (0-43-0-52) H 
5-Hydroxyindolylacetic acid Synth. 13 10 0-50 (0-46-0-53) 0-85 (0-83-0-86) Cf. text 
autoxidation product Urine —- 13 0-50 (0-45-0-55) 0-84 (0-83-0-85) H 
5-Hydroxyindolylacetic acid Urine 14 10 0-37 (0-33-0-45) 0-72 (0-68-0-76) L 
O-sulphate (presumed) 
3-Hydroxy-L-kynurenine* Synth. 15 11 0-31 (0-25-0-32) 0-65 (0-60-0-69) Cc 
Urine = 28 0-29 (0-28-0-37) 0-65 (0-62-0-71) B 
3-Hydroxykynurenine O-sulphate Urine 16 16 0-11 (0-08-0-16) 0-80 (0-78-0-82 B 
5-Hydroxy-L-kynurenine* Synth. 17 12 0-17 (0-15-0-22) 0-73 (0-67-0-77) M 
5-Hydroxytryptamine (free base) Synth. 18 13 0-42 (0:37-0:45) 0-39 (0-36-0-41) J,N 
Urine _— 10 0-42 (0-39-0-44) 0-37 (0-35-0-39) H 
5-Hydroxytryptamine Synth. 18a 11 0-27 (0-23-0-30) 0-39 (0-36-0-41) J,N 
(hydrochloride) . 
5-Hydroxytryptophan Synth. 19 12 0-17 (0-15-0-20) 0-44 (0-42-0-47) O, P 
Urine = 10 0-15 (0:12-0:18) 0-43 (0-41-0-45) H 
Indican (indoxyl O-sulphate) Synth. 20 2 0-40 (0-35-0-45) 0-65 (0-62-0-69) Q 
Urine — 53 0-43 (0-37-0-51) 0-64 (0-61-0-68) H,R 
Indole Synth. 21 12 0-95 (0:92-0:97) 0-03 (0-00-0-06) I 
Indolylacetic acid Synth. 22 36 0-88 (0-85-0-91) 0-55 (0-50-0-61) I 
Urine = 2 0-88 (0-84-0-93) 0-55 (0-50-0-60) H, R,S 
Indolylacetic acid glucuronide (presumed) Urine 23 10 0-52 (0-47-0-60) 0-71 (0-69-0-72) s 
Indolylacetonitrile Synth. 2: 10 0-91 (0-88-0-94) 0-37 (0-32-0-41) U 
Indolylaceturic acid Synth. 25 10 0-81 (0-T7-0-85) 0-64 (0-60-0-69) T 
Urine — 25 0-81 (0-75-0-87) 0-63 (0-59-0-70) s 
Indolylacetylglutamine Synth. 33 12 0-63 (0-59-0-67) 0-70 (0-67-0-73) X 
Indolyl-lactic acid Synth. 26 18 0-77 (0-73-0-82) 0-62 (0-58-0-66) Ww 
Indolylpropionic acid Synth. 27 12 0-92 (0-90-0-93) 0-40 (0-37-0-43) I 
L-Kynurenine* Synth. 28 il 0-37 (0:32-0-42) 0-73 (0-72-0-78) A 
Urine — 28 0-37 (0-33-0-43) 0-75 (0-71-0-77) B 
Kynurenic acid Synth. 29 10 0-54 (0-50-0-58) 0-41 (0-38-0-44) I 
Urine — 16 0-58 (0-53-0-62) 0-41 (0-38-0-43) B 
Tryptamine (free base) Synth. 30 13 0-64 (0-59-0-67) 0-53 (0-51-0-56) I 
Tryptamine (hydrochloride) Synth. 30a 11 0-50 (0-45-0-53) 0:53 (051-057) I 
Tryptophan Synth. 31 23 0-41 (0:35-0-45) 0-59 (0-55-0-63) I 
Urine = 40 0-41 (0-32-0-48) 0-59 (0-54-0-62) B, H, R 
Xanthurenic acid Synth. 32 13 0-54 (0-51-0-57) 0-28 (0:24-0:31) Vv 
Urine = 16 0-58 (0:55-0-60) 0-24 (0-22-0-25) B 


* The p- and L-forms separate on paper chromatography (Dalgliesh, 1952c). 


+ Synth: a synthetic mixture of known substances. 


Sources: A, synthetic (Dalgliesh, 1952a); B, from urine of tryptophan-fed pyridoxine-deficient rats (Dalgliesh, 1952); C, synthesized 
by standard procedures; D, synthetic (Charconnet-Harding, Dalgliesh & Neuberger, 1953); E, from urine of anthranilic acid-fed normal 
rats (Charconnet-Harding et al. 1953); F, gift of Professor Musajo (Musajo, Spada & Casini, (1950); G, synthetic (Dalgliesh, 19555); 
H, from pathological human urines; I, commercial; J, gift of Drs M. E. Speeter and D. A. Shepherd, Upjohn Co.; K, gift of Dr W. V. 
Thorpe; L, presumed identification (Snow, Lennard-Jones, Curzon & Stacey, 1955) of substance in carcinoid urine; M, gift of Professor 
A. Butenandt; N, gift of Dr H. Holgate, Sandoz Products Ltd.; O, gift of Dr A. Cohen, Roche Products Ltd.; P, gift of Dr G. J. 
Martin, National Drug Co.; Q, gift of Dr P. Sims (Boyland, Sims & Williams, 1956); R, from normal human and animal urines; 
5, from urine of indolylacetic acid-fed normal rats; T, gift of Professor T. Wieland (Wieland & Hérlein, 1955); U, gift of Professor E.R. 
H. Jones (Henbest, Jones & Smith, 1953); V, gift of Dr W. E. Knox; W, gift of Dr M. D. Armstrong (Armstrong & Robinson, 1954); 


X, gift of Dr J. B. Jepson (Jepson, 1956). 
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Origin of 
Substance mixture* 
2-Carboxypyrrole Synth. 
2:5-Dihydroxyphenylacetic (homogentisic) acid Synth. 
3:4-Dihydroxyphenylalanine Synth. 
m-Hydroxybenzoic acid Synth. 
o-Hydroxyphenylalanine (o-tyrosine) Synth. 
Phenylalanine Synth. 
Phenylethylamine (free base) Synth. 
Phenylethylamine (hydrochloride) Synth. 
Porphobilinogen Synth. 
Riboflavin Synth. 
Urine 
Riboflavin 5-phosphate Synth. 
Salicylic acid Synth. 
Salicyluric acid Synth. 
Tyramine (free base) Synth. 
Tyramine (hydrochloride) Synth. 
Tyrosine Synth. 
Tyrosine O-sulphate Synth. 
Urea Synth. 
Urine 


* Synth: a synthetic mixture of known substances. 
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Table 2. Chromatographic behaviour of some miscellaneous substances, mostly aromatic 


Mean Pp, 





Mean Rp, 


1956 


No. of _ butanol-acetic acid 20% KCl 
determi- (range in (range in Source of 
nations parentheses) parentheses) material 
10 0-86 (0-83-0-89) 0-67 (0-63-0-72) A 
10 0-76 (0-72-0-81) 0-76 (0-75-0-78) B 
10 0-17 (0-16-0-23) 0-76 (0-74-0-77) A 
10 0-89 (0-87-0-92) 0-60 (0:58-0-65) A 
12 0-40 (0:37-0:43) 0-82 (0:80-0:83) B 
12 0-50 (0:47-0:53) 0-88 (0-86-0-92) A 
13 0-72 (0-68-0-75) 0-82 (0-79-0-85) A 
ll 0-66 (0-60-0-71) 0-83 (0-79-0-87) A 
ll 0-42 (0:39-0:50) 0-86 (0-85-0-88) C 
25 0-22 (0-17-0-27) 0-43 (0-39-0-48) A 
10 0-23 (0-19-0-25) 0-45 (0-43-0-47) D 
12 0-06 (0-03-0-10) 0:55 (0-50-0-60) A 
10 0-91 (0-90-0-92) 0-60 (0:54-0:63) A 
10 0-85 (0:82-0:87) 0-68 (0-65-0-70) E 
ll 0-57 (0-52-0-62) 0-80 (0-78-0-83) A 
ll 0-44 (0-37-0-49) 0-79 (0-77-0-82) A 
10 0-32 (0-28-0-41) 0-82 (0-80-0-83) A 
12 0-12 (0-08-0-17) 0-89 (0-87-0-92) F 
12 0-49 (0-44-0-55) 0:86 (0-84-0-88) A 
10 0-49 (0-45-0-56) 0-86 (0-84-0-87) D 


Sources: A, commercial; B, gift of Professor A. Neuberger; C, gift of Professor C. Rimington; D, from human or animal urines; 


E, synthesized by Dr P. Wright (Bondi, 1907); F’, gift of Dr F. R. Bettelheim (Bettelheim, 1954). 





01 02 03 04 05 06 07 08 09 1:0 
Rr value in 20% (w/v) aqueous KCI 


Rr value in n-butanol-acetic acid—water (4:1:5, by vol.) 


Fig. 1. ‘Map of the spots’ showing the pattern given by 
known tryptophan metabolites and related substances in 
the chromatographic system described in the text. 
Numbers refer to Table 1. The broken lines indicate the 
retardation of the bases when they are run as hydro- 
chlorides. 


Comparison of related substances in Table 1 
suggests the existence of relationships between 
structure and R, values which might be helpful in 
identifying unknown substances. Thus, in the cases 
examined, sulphate conjugation of a phenol (cf. 


pairs 5 and 6; 12 and 14; 15 and 16) or glycine con- 
jugation of an acid (ef. pairs 4 and 7; 22 and 25) 
resulted in a decrease in R, value in butanol- 
acetic acid with an increase in R, value in the 
aqueous solvent, whereas introduction of a phenolic 
group (cf. pairs 1 and 2, 12 and 22, 18 and 30) caused 
a decrease in R, in butanol-acetic acid and usually 
also in KCl, the degree of retardation varying with 
the position of the phenolic group (ef. trios 7, 10 and 
11; 15, 17 and 28). 

The chromatographic properties of some aro- 
matic substances not connected with the metabolism 
of indoles are summarized in Table 2. Some of 
these, e.g. riboflavin and salicylic acid, are useful as 
fluorescent markers. The present solvent combina- 
tion is not suitable for substances related to phenyl- 
alanine and tyrosine metabolism, as these all tend to 
run fast in the aqueous solvent. The rate of move- 
ment in salt solution appears to depend more on the 
aromatic nucleus than on the side chain, e.g. 
indolylacetic acid, tryptophan and tryptamine all 
have similar F#, values in this dimension, lower than 
the R, values of tyramine and tyrosine, which in 
turn are lower than the R, values of phenylalanine 
and phenylethylamine. The tendency to separate 
benzenoid from indolic compounds is of course an 
advantage in studying tryptophan metabolites. 

Figs. 2 and 3 show typical chromatograms of urine 
extracts separated in the system described above. 
Fig. 2 shows the substances reacting with Ehrlich’s 
reagent (p-dimethylaminobenzaldehyde in aqueous 
HCl) in the phenol eluate of a deactivated charcoal 




















Vol. 64 


adsorbate of urine (Dalgliesh, 1955a) from a case 
of carcinoidosis. The particular case illustrated (to 
be described elsewhere) is unusual in that both 5- 
hydroxytryptamine and 5-hydroxytryptophan are 
excreted in considerable amounts, as well as 5- 
hydroxyindolylacetic acid. However, most or all of 





——> Butanol-acetic acid—water 


——> Aqueous KCi 


Fig. 2. Distribution of indolic and related compounds (full 
lines) excreted in a case of carcinoidosis, as revealed by 
the chromatographic system described. Numbers of 
identified spots refer to Table 1. Remainder are un- 
identified substances reacting with Ehrlich’s reagent. The 
broken line indicates the position of riboflavin, present in 
the urine and useful as a marker. 





—— > Butanol-acetic acid-water 


—+> Aqueous KCI 


Fig. 3. Distribution of metabolites from the urine of 
tryptophan-fed pyridoxine-deficient rats. Numbers of 
identified spots refer to Table 1. Identity of remainder 
not established, but A is probably indolic, B and C are 
probably conjugates of xanthurenic or kynurenic acid or 
both, and D and E are probably conjugates or derivatives 
of 2-amino- or 2-amino-3-hydroxy-acetophenone. 
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the other substances shown in Fig. 2 have been 
observed in each of several carcinoid urines 
examined. Fig. 3 shows the tryptophan metabolites 
in a similarly prepared extract of the urine of rats 
deficient in pyridoxine and fed on tryptophan. 
Two-dimensional chromatography .eveals small 
amounts of several substances not observed on one- 
dimensional chromatography (Dalgliesh, 19526). 


SUMMARY 


1. Indoles and other metabolites of tryptophan 
can be conveniently separated on two-dimensional 
paper chromatograms with the organic layer of a 
butanol-acetic acid—water mixture (4:1:5, by 
volume) as first solvent and 20% (w/v) aqueous 
potassium chloride as second solvent. 

2. The chromatographic behaviour of nearly 
fifty compounds is described, and the chromato- 
graphic pattern of the principal substances related 
to tryptophan metabolism is summarized in a ‘map 
of the spots’. 


I thank the many individuals and firms (indicated in the 
footnotes to Tables 1 and 2) who have given me authentic 
substances; and Mr A. Asatoor for skilled assistance. 
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French (1937, 1938, 1940a, b) first examined the 
pigment changes which Rhodopseudomonas spher- 
oides undergoes when anaerobic cultures are 
allowed access to oxygen. The change in colour 
from yellow-brown to reddish purple is caused by 
the replacement of a yellow by a purple pigment. 

van Niel (1947) isolated in crystalline form the 
two pigments responsible and demonstrated their 
carotenoid nature. As the amounts of pigment R 
formed when oxygen was allowed into the system 
equalled the amount of pigment Y disappearing, 
van Niel concluded that, in the presence of oxygen, 
Y was converted into R. Goodwin, Land & Osman 
(1955) confirmed van Niel’s findings and also 
observed the presence of a pigment which was 
considered to be hydroxy-Y. From the changes 
observed in the amounts of Y and R in growing 
cultures and from studies with inhibitors, Goodwin 
et al. (1955) considered that it was possible that Y 
was not being converted into R. Further progress in 
elucidating the problem of the possible conversion of 
Y into R obviously depended on a deeper know- 
ledge of their chemical structures, and this paper 
records an investigation designed with this end in 
view. 

It was made possible mainly by the generosity of 
Drs C. B. van Niel and R. Y. Stanier. Dr van Niel 
presented us with small quantities of his original 
crystalline samples of Y and R and also with 630 g. 
of air-dried cells of R. spheroides (throughout this 
paper R. represents Rhodopseudomonas). Although 
these cells were 20 years old they still contained 
considerable amounts of both bacteriochlorophyll 
and carotenoids. Dr Stanier kindly supplied us 
with 58 g. of cells of the same organism freshly dried 
in air. 


1X PERIMENTAL 


Extraction of the pigments. As bacteriochlorophyll was 
required it was not possible to shorten the extraction pro- 
cedure by a preliminary saponification of the crude lipid 
extracts. After a number of preliminary trials, the following 
extraction procedure was adopted: the dried cells were first 
ground to a fine powder in a coffee mill and then allowed to 
stand in the dark in a large mortar under methanol. After 


* Part 22: Goodwin (1956). 


15-20 min. the mixture was vigorously ground with a 
pestle and the suspension filtered through a large sintered- 
glass funnel (G3). The residue was returned te the mortar 
and the extraction procedure continued until the final 
residue was a very pale green. All the bacteriochlorophyll 
and considerable amounts of the carotenoids were thus 
extracted; the remaining carotenoids were then similarly 
extracted with successive portions of benzene (Polgar, van 
Niel & Zechmeister, 1944; Goodwin & Osman, 1954). The 
benzene (A) and methanol (B) extracts were separately 
reduced to small volume in vacuo by distillation with a slow 
stream of N, passing via the air leak through the apparatus. 

The benzene extract (A) was saponified to remove neutral 
lipids (Goodwin & Osman, 1954). The unsaponifiable matter 
(containing the pigments) was dissolved in a 1:1 (v/v) 
mixture of benzene and light petroleum (b.p. 40-60°) (the 
light petroleum fraction which boiled between 40 and 60° 
was used throughout this investigation) ready for chro- 
matography. 

An equal volume of benzene was added to the methanol 
extract (B) and the pigments were transferred to the benzene 
by the cautious addition of water. After washing the benzene 
layer free from methanol and reducing its volume in vacuo, 
the bacteriochlorophyll was separated from the carotenoids 
on a column of deactivated alumina and the carotenoid 
fraction combined with fraction (A). 

All the manipulations described above were carried out 
in a dark room lighted only with one low-intensity tungsten 
lamp. 

Chromatography. Column chromatography was carried 
out with a number of adsorbents: (a) activated alumina 
(Grade ‘O’, P. Spence and Co. Widnes); (b) grade ‘O’ 
alumina deactivated with methanol (Goodwin & Srisukh, 
1949); (c) MgO-Celite (2:1) mixture (Starr & Saperstein, 
1953); (d) A. R. Ca(OH).—Celite (3:1) (Haxo, 1949). 

Reduction with LiA1H,. This was carried out in the cold in 
freshly distilled dry ethyl ether, the excess of reagent and the 
pigment-hydride complex being decomposed with ethanol. 

Special tests. The reaction of the carotenoids with CHCl,- 
HCl was carried out as described by Wallcave & Zechmeister 
(1953). It was found, in agreement with the observations of 
these authors, that subdued light was necessary for the 
reaction to take place. 

The reaction with boron trifluoride etherate was carried 
out according to the method of Zechmeister & Wallcave 
(19534, b). 

Isomerization. Cis—trans-isomers of the carotenoids were 
obtained by catalysis with I, (Zechmeister, 1944). 

Absorption spectra. Ultraviolet and visible absorption 
spectra were measured with Unicam SP. 500 and SP. 600 
instruments, respectively. Infrared measurements were 


| 
' 


cal 
ex: 








Vol. 64 


most kindly carried out at the Thornton Research Centre of 
The Shell Refining and Marketing Co., and we are very 
grateful to Dr A. J. Ham for making the necessary arrange- 
ments. 

Micro-analyses. These were kindly carried out in the 
Micro-analytical Laboratory of the Department of Organic 
Chemistry in this University under the direction of Mr A. 8. 
Inglis. We are specially grateful to Mr Inglis for his interest 
in our problems and for the time and trouble he took 
personally to determine the isopropylidene contents of our 
specimens. 

Isolation of pigments R and Y. The combined fractions A 
and B were chromatographed in three batches on deacti- 
vated alumina (Goodwin et al. 1955). Three main pigment 
fractions were obtained: Y, R and, in much smaller amounts, 
hydroxy- Y. After repeated chromatography Y and R were 
crystallized. The combined fractions containing R were 
dissolved in about 30 ml. of light petroleum and transferred 
to a 50 ml. centrifuge tube. The solvent was then carefully 
reduced under N, to about 5 ml. and placed at 0° under N, 
overnight. The supernatant was poured off and the crystals 
were washed rapidly with a small volume of cold light 
petroleum, which was returned to the mother liquor. The 
crystals were then centrifuged and dried in a vacuum 
desiccator. Further crops of crystals were obtained from the 
mother liquor and the combined yield was recrystallized 
from light petroleum; yield, 35 mg. 

Y was similarly crystallized (yield, 13 mg.), but in the dry 
state it changes, even under Ng, to a colourless material. In 
solution (light petroleum) it is stable in the dark at 0° for 
some considerable time and in later experiments it was kept 
in this form and crystallized just before use. 

Because of this instability it was much more difficult to 
obtain reproducible analytical figures on Y than on R. 
Small batches of crystalline Y were also obtained from our 
own cultures of R. spheroides cultured in 1 1. bottles in the 
medium and under the cultural conditions described by 
Goodwin et al. (1955). Hydroxy-Y was similarly purified 
and obtained in a chromatographically homogeneous state; 
too little was available for crystallization. 

Biological assay for vitamin A activity. Bio-assays were 
carried out on rats with a vitamin A-deficient diet (Lowe & 
Morton, 1953). When the animal showed definite signs of 
vitamin A deficiency (xerophthalmia together with either 
loss of weight or a stationary weight) the pigments were 
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added to the diet at a level of 30 ug./day in 0-2 ml. of refined 
arachis oil. The controls were given 30 yg. of B-carotene/day, 
also in 0-2 ml. of arachis oil. 

Reference pigments. Crystalline lycoxanthin, required for 
comparative isopropylidene determinations and methyla- 
tion experiments, was isolated from the berries of Solanum 
dulcamara collected in Northwest Cheshire during August 
1955 (Zechmeister & Cholnoky, 1936) and a chromato- 
graphically homogeneous specimen of capsanthin was ob- 
tained from red peppers bought commercially (Goodwin, 
19564). 


RESULTS AND DISCUSSION 
Pigment R 


The general properties of two samples of R, that of 
van Niel (1947) and ours, together with our data on 
his original specimen, are recorded in Table 1. Their 
identity was confirmed by mixed chromatography 
on deactivated alumina. It would appear that the 
slight spectroscopic differences are mainly instru- 
mental. The slightly increased £}%, value of our 
sample possibly indicates the absence of small 
amounts of ash which were present in van Niel’s 
sample (van Niel, personal communication). The 
absorption spectra of R in a number of solvents are 
given in Fig. 1. 

Elementary analysis of R indicated a formula 
Cy,H;,,..0, (Found: C, 84-6, H, 10-3. C,,H;,0, 
requires C, 84-6; H, 10-0%) with one methoxyl 
group (Found: OMe, 5-85. One OMe requires OMe, 
5-3%), confirmed by the presence of an infrared 
absorption band at 9-38 yu. (1066 cm.—'), and two 
isopropylidene residues (Found: zsopropylidene, 
10-0, 10-1. Two isopropylidene residues require 
isopropylidene, 14.4%). These low isopropylidene 
values are not unexpected in isopropylidene deter- 
minations (A. 8S. Inglis, personal communication), 
and as, under the same conditions, lycoxanthin, 
a similar type of compound, which is known to 
contain two isopropylidene residues (Zechmeister & 
Cholnoky, 1936), gave a very similar result (Found 


Table 1. Comparison of the properties of two specimens of pigment R 


van Niel’s specimen 





Property 
M.p. 
Absorption spectrum maxima (my.) 
Light petroleum 
Benzene 
Chloroform 
Carbon disulphide 
Ethanol —_ 


Ej en. (benzene) at Amnax. 1855 


es 
van Niel’s data 
* 148° (corr.) 


455, 487, 516-5* 
464-5, 499, 536 
~ 462,7 493, 531-5 

486-5, 520, 557 = 


Our specimen 


155-5-158° (corr.) 


‘ 
Our data 


153° (corr.)t 


~ 460, 482, 513 

~ 475, 499, 530 
499 

~ 495, 519-5, 553 

— 488 


-— 2065 


~ 460, 482, 513 
~ 475, 499, 530 
497 


* van Niel (1947) used light petroleum, b.p. 60-70°; we use light petroleum, b.p. 40-60°. The absorption maxima of 
carotenoids are at higher wavelengths in higher-boiling light petroleum than in the lower-boiling fractions (see, for 
example, Goodwin, 1955). 

+ ~ Denotes inflexion. 

¢ This was the m.p. recorded on the ampoule obtained from Dr van Niel. 
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9-4, cale. 15-2%), it is therefore justifiable also to 
conclude that R contains two such groupings. The 
presence of two isopropylidene groups is consistent 
with the results of bio-assay experiments, which 
showed that R was not active as vitamin A and 
therefore does not contain either an unsubstituted 
B-ionone residue or a 3-dehydro-f-ionone residue 
(Fig. 2). 

The second oxygen atom is in the form of a con- 
jugated ketone, because: (a) The marked absorption 
bands normally associated with an open-chain 
carotenoid (i.e. one with two isopropylidene 
residues), e.g. lycopene (Goodwin, 1955), are con- 





siderably damped down, which is characteristic of 


the presence of a keto grouping (Goodwin & Taha, 
1950). (b) There is a shift to longer wavelengths of 
the spectrum in ethanol compared with that in light 
petroleum. The shift with a diconjugated keto caro- 
tenoid, e.g. rhodoxanthin, is 9mp. (Kuhn & 
Brockmann, 1933); with # the shift is only 5 mz., 
indicating one conjugated keto group. (c) The band 
observed in the infrared region at 5-99 py. (1699 em.-*) 
is characteristic of a conjugated carbonyl grouping. 
(qd) Reduction with LiAlH, converts R almost 
quantitatively into a compound with an absorption 
spectrum indistinguishable from that of Y or 
hydroxy-Y (Fig. 3), i.e. there is a shift of 30 mp. to 
shorter wavelengths associated with a marked 
increase in the definition of the absorption bands, 
both changes being characteristic of the replace- 
ment of a conjugated keto grouping by a hydroxy 
grouping. The phasic reactions of reduced R also 
indicate the presence of one hydroxy] group, as does 
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Fig. 1. Absorption spectrum of R in various solvents: 
I I ; 
(a) light petroleum, (b) benzene, (c) carbon disulphide. 
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its adsorptive behaviour ; further, chromatographic- 
ally it was inseparable from hydroxy-Y on de- 
activated alumina, MgO-Celite, or Ca(OH),—Celite, 
It is not, however, identical with hydroxy-Y (see 
below). | 
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Fig. 2. Typical! curves illustrating the growth of rats fed on 
B-carotene, Yand R. A, B-carotene; B, Y;C,R. Rats were 
maintained on a vitamin A-free diet until they began to 
fail to gain weight, when the pigment was added (indicated 
by arrow) as described in the Experimental section. 
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Fig.3. Absorption spectrum of reduced R (prepared by action (E 
of LiAIH, on R) (OQ), and the major fractions produced pi 
by the action of CHCI,—-HCl (@) on reduced & (Table 2); th 
zone 2 (continuous curve), zone 3 (broken curve). dc 
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Because of the hypsochromic shift on reduction of 
the keto grouping, the hydroxy] group in reduced R 
must be allylic, i.e. the ethylenic conjugated system 
begins in the «8 position relative to the hydroxyl 
group; it should, therefore, be possible to remove 
the elements of water from reduced RF and introduce 
an additional double bond into the chromophoric 
system by treatment in the light with CHCl,—HCIl. 
This type of reaction was first carried out by 
Karrer & Leumann (1951), who converted esch- 
scholtzxanthin [absorption maxima (light petro- 
leum) 442, 472 and 502 muy. ]intoanhydroeschscholtz- 
xanthin, by the removal of two molecules of water 
[absorption maxima (light petroleum) 500, 531 my.], 
and later by Walleave & Zechmeister (1953) who 
converted isocryptoxanthin [(4-hydroxy-f-caro- 
tene) absorption maxima (light petroleum) 451, 
479 mp.] and its methyl ether into dehydro-f- 
carotene [absorption maxima (light petroleum) 474, 
504 my.]. For example: 


MeO ; 


isoCryptoxanthin methyl ether 


| 
CHCl,—HCI 


y 


Dehydro-f-carotene 


When reduced R was dissolved in CHCI,—HCl and 
allowed to stand for 20 min. in the light, there was 
a marked darkening of the solution. Chromato- 
graphy of the reaction products on deactivated 
alumina yielded five zones (Table 2). Zones 1 and 4 
are minor zones and are not discussed further; 
zone 5 is unchanged reduced R. Zone 2 (Fig. 3) has 
the properties expected if one hydroxyl group had 
been removed from reduced FR and replaced by an 
ethylenic bond in an open-chain carotenoid. Its 
main maximum has been shifted by 12 muy. to 
higher wavelengths, which is characteristic of the 
insertion of an additional conjugated double bond 
into an acyclic carotenoid (e.g. for neurosporene to 
lycopene the shift is 32 my., representing a shift of 
16 my. for one double bond). 

Zone 3, however, which is generally by far the 
major product of the reaction, must, because of the 
bathochromic shift of 22-5 my. compared with zone 2 
(Fig. 3), contain two double bonds more than the 
pigment in zone 2. This can be achieved only if (a) 
the methoxyl group becomes allylic when the first 
double bond is inserted and (6) when methanol is 
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consequently removed a further isolated double 
bond is brought into conjugation. 

All these observations are consistent with the 
formula 5:6-dihydro-4-methoxylycopen-6-one for 
R; it is proposed to name it spheroidenone. The 
reactions discussed above can then be accounted for 
as follows (the absorption maxima quoted are those 
of the main band, i.e. those with the highest HZ 
values) : 


MeO 
0 
Pigment R (10 conjugated double bonds + C=O, A... 480 my.) 
| LiAlH, 
MeO 
OH 


Reduced R (10 conjugated double bonds, A,,,,. 452 mg.) 


CHCl;—HC! 
(—H,0) 


MeO 


Zone 2 (11 conjugated double bonds, A, 465 my.) 


CHC),—HCl 
(— MeOH) 


Zone 3 (13 conjugated double bonds, A,,,,. 487°5 mz.) 


Further points in favour of this structure are: 
(a) Fraction 3, with thirteen conjugated double 
bonds in an acyclic structure, should have an 
absorption spectrum very similar to that of spirillo- 
xanthin, if one assumes that the auxochromic 
effect of the methoxyl group in this compound is 
slight. When carefully purified from cis-isomers the 
pigment does have the same absorption spectrum as 
spirilloxanthin. (6) In the parent R, the methoxyl 
group should not be allylic; this was demonstrated 
by treating R with CHCl,—HCI; only unchanged R 
and a small amount of its cis-isomers were obtained. 
There was no evidence of the formation of a pigment 
with absorption maxima at higher wavelengths than 
those of R, or with reduced adsorptive properties. 

As R is spectrally very similar to capsanthin, 
which has an ill-defined absorption spectrum with 
A at 475 mu. in light petroleum, it was possible 


max. 
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that it was structurally related to capsanthin, in 
which case the break in the terminal ring would be 
between C-5 and C-6 rather than between C-1 and 
C-6. Chromatographically pure capsanthin was 
reduced to capsanthol (Karrer & Hiibner, 1936) 
with LiAlH, and this was dissolved in CHCl,. On 


HO 





0 OH 


Capsanthin 


addition of CHCI,-HCI no change in the absorption 
spectrum of the solution occurred, in spite of the 
allylic nature of the hydroxyl group. This is un- 
doubtedly due to the absence of a free hydrogen 
from C-1. This experiment confirmed the absence of 
5:6-scission in R. 
Pigment Y 

A comparison of the properties of van Niel’s 
(1947) original specimen of Y with our specimen is 
given in Table 3. (Lack of material did not allow us 
to examine van Niel’s sample in detail.) It will be 
seen that, as with R, the differences are minor. The 
absorption spectrum of Y in a number of solvents is 
recorded in Fig. 4. As indicated in the Experimental 
section, Y is much more unstable than R, rapidly 
changing into a wax on exposure to air; this 
accounts for the wide melting point recorded. It 
rapidly takes up oxygen; for example, in one 
crystalline specimen, the oxygen content increased 
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from 6-0 to 9-4 % on standing in an opened ampoule 
at room temperature for 2hr. The elementary 
analysis obtained with the least oxygen content 
indicates a formula C,;H¢9,.0, (Found: C, 84-4; H, 
10-4. Cy,H,.0, requires C, 84:2, H, 10-3%), with 
one methoxy] group (Found: OMe, 6-7; 1 OMe group 
requires OMe, 5-5%), confirmed by the presence of 
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Fig. 4. Absorption spectrum of Y in various solvents: 
(a) light petroleum; (b) benzene; (c) carbon disulphide. 


Table 2. Chromatography of the products obtained by treating reduced R with CHCl,—HCl1 


The method of Wallcave & Zechmeister (1953) was used and the products were fractionated on deactivated alumina. The 


zones are listed in order of increasing adsorptive properties. 


Conen. of ethyl 


Spectral maxima in ether required 


Zone light petroleum for elution 
no. Colour (my.) (%, v/v) 
1 Yellow 456, ~ 475* 0 
2 Orange ~ 445, 465, 493 1 
3 Pink (major zone) 462, 487-5, 520 2 
4 Pale yellow 397, 417-5, 444, 473 5 
5 Yellow 425, 448, 478 15 


* Denotes inflexion. 


Table 3. Comparison of the properties of two specimens of pigment Y 


Property 
M.p. 
Absorption spectrum maxima (my.) 


Light petroleum 
Benzene 
Chloroform 
Carbon disulphide 
Ethanol 


E}%, (benzene) at Aas. 


Our specimen 
116-135° (decomp.) 


van Niel’s specimen 
132° 


426-5, 452, 484 
438, 466, 498 
437-5, 465, 497 
458, 485, 518 
430, 454, 485 


2630 


426-5, 454, 486* 
438, 466-6, 499-7 
436, 464, 497 
455-4, 487-1, 521-5 
426, 454, 486-6 


2437 


* van Niel (1947) used light petroleum b.p. 60-70° (see note to Table 1). 
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an infrared absorption band at 9-4 yu. (1064 em.-*). 
It is not biologically active (Fig. 2) and therefore 
does not contain an unsubstituted B-ionone residue. 
The position and shape of its absorption spectrum 
(Fig. 4) suggests a dihydrolycopene derivative, and 
Lijinsky & Zechmeister (1954) obtained a compound 
with a very similar absorption spectrum by partial 
hydrogenation of lycopene. 

The nature of the second oxygen atom in Y (if 
present in the pure material) is obscure, but the 
following possibilities are ruled out: (a) A free 
hydroxyl: Y is epiphasic to 95% (v/v) aqueous 
methanol and is absorbed in the hydrocarbon 
region of the chromatographic spectrum for caro- 
tenoids. (b) A conjugated carbonyl] grouping: Y has 
very sharp absorption bands (a conjugated carbonyl 
grouping always damps down these bands) and fails 
to react with LiAIH,. (c) Epoxide: Y does not alter 
on standing in ethanol containing 5% (v/v) of 
acetic acid (Strain, 1954) or give a blue colour with 
ether-HCl (Karrer & Jucker, 1950); further, 
epoxides are formed only from carotenoids con- 
taining a f-ionone residue, and the shape and 
position of the absorption spectrum of Y rule this 
out. It may be that an unconjugated carbonyl 
group exists, because the infrared spectrum of Y 
exhibits a small band at 5-75y. (1740 cm.~%), 
suggestive of either a carbonyl group or a C=C 
stretching frequency, which occurs occasionally 
(Bellamy, 1954). If it is assumed that because of 
the instability of Y the second oxygen atom is an 
artifact, then the other recorded properties are 
consistent with the possibility that Y is a dihydro- 
lycopene containing a non-allylic methoxyl group 
(no elimination of methanol on treatment with 
CHCl,;—HCl) ; by analogy with the structure of R, the 
methoxyl group may be at C-4. This possible 
structure does not, however, explain the instability 
of Y, which suggests that it may contain an 
acetylenic or allenic linkage; the latter has recently 
been observed in fucoxanthin (N. A. Sérensen, 
personal communication; Weedon, 1955). These 
possibilities appear to be ruled out because Y is 
quite stable in the presence of alkali and does not 
exhibit an infrared absorption band in the region 
1950 em.-!; further, extraction of the bacteria 
without the use of alkali still yields Y. 


Hydroxy-Y 


This pigment has not been obtained crystalline; 
it has the same absorption spectrum as reduced R 
but can be differentiated from this pigment by the 
CHCl,—HCl test, although the two pigments cannot 
be separated chromatographically. Hydroxy-Y is 
not labile to CHCl,—-HCl but reduced R is. These two 
compounds must, therefore, bear a relationship one 
to the other similar to that which exists between 
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cryptoxanthin (3-hydroxy-f-carotene) and iso- 
cryptoxanthin (4-hydroxy-f-carotene) (Zechmeister 
& Wallcave, 1953a, b). 


Biochemical significance of the proposed 
structures for Y and R 


van Niel’s (1947) suggestion that Y is converted 
into R when anaerobic cultures of R. spheroides are 
allowed access to oxygen was doubted by Goodwin 
et al. (1955), who could not detect an intermediate in 
the ‘conversion’. The fact that reduction of R with 
LiAlH, gives a compound spectrally identical with 
Y indicates that the conversion of Y into R could 
take place essentially by the introduction of one 
allylic carbonyl grouping and that it is not necessary 
to postulate a stable intermediate. 


SUMMARY 


1. The two main pigments (R and Y) of Rhodo- 
pseudomonas spheroides have been isolated and their 
properties recorded. 

2. Pigment R (spheroidenone) has the probable 
structure 5:6-dihydro-4-methoxylycopen-6-one. 

3. Pigment Y, which is unstable in the crystalline 
state, may possibly be a dihydromethoxylycopene. 


We wish to thank the Medical Research Council for a 
grant towards laboratory expenses (T.W.G.) and the 
University of Liverpool for a Fellowship (D.G. L.). 


REFERENCES 


Bellamy, L. J. (1954). Infrared Spectra of Complex Mole- 
cules. London: Methuen. 

French, C. 8. (1937). J. gen. Physiol. 21, 71. 

French, C. 8. (1938). Science, 88, 60. 

French, C. 8. (1940a). J. gen. Physiol. 23, 469. 

French, C. 8. (19406). Bot. Gaz. 102, 406. 

Goodwin, T. W. (1955). In Handbook of Plant Analysis, 
vol. 3, p. 272. Ed. by Paech, K. & Tracey, M. V. Heidel- 
berg: Springer. 

Goodwin. T. W. (1956a). Biochem. J. 62, 346. 

Goodwin, T. W. (19566). Biochem. J. 63, 481. 

Goodwin, T. W., Land, D. G. & Osman, H. G. (1955). 
Biochem. J. 59, 491. 

Goodwin, T. W. & Osman, H. G. (1954). Biochem. J. 56, 222. 

Goodwin, T. W. & Srisukh, S. (1949). Biochem. J. 45, 
269. 

Goodwin, T. W. & Taha, M. M. (1950). Biochem. J. 47, 244. 

Haxo, F. (1949). Arch. Biochem. Biophys. 20, 400. 

Karrer, P. & Hiibner, H. (1936). Helv. chim. acta, 19, 476. 

Karrer, P. & Jucker, E. (1950). Carotenoids, p. 296. Transl. 
by Braude, E. A. London: Elsevier. 

Karrer, P. & Leumann, E. (1951). Helv. chim. acta, 34, 445. 

Kuhn, R. & Brockmann, H. (1933). Ber. dtsch. chem. Ges. 66, 
828. 

Lijinsky, W. & Zechmeister, L. (1954). Arch. Biochem. 
Biophys. 52, 358. 

Lowe, J. S. & Morton, R. A. (1953). Biochem. J. 55, 681. 








492 


Polgar, A., van Niel, C. B. & Zechmeister, L. (1944). Arch. 
Biochem. 5, 243. 

Starr, M. P. & Saperstein, S. (1953). 
Biophys. 43, 157. 

Strain, H. H. (1954). Arch. Biochem. Biophys. 48, 458. 

van Niel, C. B. (1947). Leeuwenhoek ned. Tijdschr. 12, 156. 

Wallcave, L. & Zechmeister, L. (1953). J. Amer. chem. Soc. 
75, 4495. 


Arch. Biochem. 


T. W. GOODWIN, D. G. LAND AND M. E. SISSINS 





Weedon, B. C. L. (1955). Chem. & Ind. p. 1219. 

Zechmeister, L. (1944). Chem. Rev. 34, 267. 

Zechmeister, L. & Cholnoky, L. von (1936). Ber. dtsch. chem. 
Ges. 69, 422. 

Zechmeister, L. & Wallcave, L. (1953a). J. Amer. chem. Soc. 
75, 4493. 

Zechmeister, L. & Wallcave, L. (19536). J. Amer. chem. Soc. 
75, 5341. 


Some Studies on Catalase in Mouse-Liver Slices 


By D. H. ADAMS anp M. ELIZABETH BERRY 
Cancer Research Department, London Hospital Medical College, London, E. 1 


(Received 28 March 1956) 


Recent work from this laboratory has shown that 
liver catalase in the mouse is associated with a 
complex system which influences the level of its 
activity. So far, hormones, trace metals and ribo- 
flavin have been shown to be components of this 
system, and some indications regarding their 
possible interrelations have been obtained (Adams, 
1952, 1953, 1955). Furthermore, a tumour con- 
stituent has been shown to depress catalase activity 
(Nakahara & Fukuoka, 1949, 1950; Adams, 1950, 
195la; Greenfield & Meister, 1951), and it has been 
suggested that this substance acts by interfering 
with the stimulating action of hormones on catalase 
activity (Adams, 19516). In an attempt to open a 
new approach to the general problem of the nature 
of the system which controls catalase activity, it was 
decided to study the behaviour of the enzyme in 
liver slices. The present paper describes some results 
obtained by incubating slices in saline media. 


EXPERIMENTAL 


Animals. The early part of this work was done with the 
‘Schofield’ stock albino strain of mice previously used in 
catalase studies from this laboratory, but the outbreak of 
‘Tyzzer’s disease’ referred to in a previous paper (Adams, 
1955) necessitated a change over to other strains. Two such 
strains have been used, namely. Schneider albino mice 
(kindly supplied by the National Institute of Medical 
Research, Mill Hill, London), and a strain of Swiss albinos 
obtained commercially. Both these strains appear to be 
free from liver infection. Their catalase activity is similar to 
that of the albino strain previously used, and they show a 
marked sex difference in catalase level (greater in males 
than in females). In the Swiss strain, however, the catalase 
level in both sexes is rather higher than is usual in the other 
two strains. The mice were fed ad lib. on rat cubes (obtained 
commercially) and water. 

Medium for incubation of slices. A phosphate medium of 
the following composition was used: NaCl (0-12m), KCl 
(0-006m), MgSO, (0-0012m), Na,HPO, (0-02m), glucose 


(0-01m), and potassium citrate (0-001m). The pH was 
brought to 7-0 by adding HCl. 

Estimation of liver-catalase activity. Catalase was esti- 
mated as previously described, by titration of the excess 
hydrogen peroxide remaining after allowing 25 ml. of 
0-025 m-H,0, to stand in contact with a measured sample of 
liver homogenate for 4 min. at 0°. Corresponding determi- 
nations of total nitrogen were made by the Kjeldahl! method, 
and catalase results are expressed in arbitrary units/mg. of 
N (Adams, 1950, 1952). 

Preparation and treatment of liver slices. Mice were 
decapitated, and the livers removed and separated into the 
individual lobes. One lobe from each liver was then cut 
with a tissue chopper (McIlwain & Buddle, 1953), giving 
slices of about 250 p. in thickness. The slices were separated 
under ice-cold medium, and approximately 20 mg. (not 
weighed accurately) was placed in glass tubes which had a 
flat bottom (diam. 2-3 cm.). Each tube contained 1-5 ml. of 
medium, and slices for two or three sets of duplicate tubes 
were prepared from each liver. The tubes were then placed 
in a bath maintained at 38°, and shaken at 120 oscillations/ 
min. Normally a slow stream of oxygen was passed con- 
tinously into the tubes. In experiments where anaerobic 
conditions were required, the slices were placed in Warburg 
flasks (gas phase, 100% N,) and double quantities of slices 
and medium were used. 

The slices were prepared for catalase estimation by 
tipping the contents of each vessel (i.e. slices and medium) 
into a Ten Broeck grinder (a glass-pestle homogenizer) and 
homogenizing. Part of the suspension (2 x 0-1 ml.) was then 
taken for duplicate determinations of enzyme activity and 
part (1-0 ml.) for nitrogen estimation. 

After setting up the vessels and adding the liver slices and 
medium, a catalase estimation was done on the contents of 
one vessel from each mouse. The catalase level obtained at 
this point (i.e. after slicing but before incubation) will be 
referred to subsequently as the initial level. Tests made on 
slices and on uncut liver showed that substantially the same 
enzyme levels were obtained in each case. The initial level 
therefore corresponds to the catalase activity of the liver as 
normally measured. The remainder of the vessels were 
incubated as described above, and removed (in duplicate) at 
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intervals (usually 2 and 4 hr.) for further catalase estima- | 
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Hormone. Testosterone (crystalline B.P.) was kindly given 
to us by Organon Laboratories Ltd. Quantities of 3 mg. 
were weighed out, moistened with glycerol, and injected 
subcutaneously. 

Operative procedure. Adrenalectomy was carried out as 
previously described (Adams, 1952). 


RESULTS 


Mouse-liver slices were incubated as already de- 
scribed, and their catalase activity was determined 
at intervals. Since the slices were homogenized in 
the medium in which they were incubated, the 
measurements were of the total catalase in the 
system. After incubation for 1 hr. the total catalase 
activity had risen appreciably above the initial 
level, and this rise continued for a further hour. 
Little or no further change occurred, except that the 
level often began to fall again in experiments 
lasting 4 hr. or more. This might have been due to 
bacterial contamination of the system, since no 
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Catalase activity (arbitrary units/mg. of N) 


CATALASE IN LIVER SLICES 


24 


493 


precautions were taken to ensure sterility. Gener- 
ally, therefore, experiments were terminated after 
4 hr., and in any event they did not extend beyond 
6 hr. The results of catalase estimations obtained 
with a large number of mice of all three strains are 
summarized in Fig. 1. Fig. 1 shows a sex difference 
in the initial catalase level in all three strains 
(greater in males than in females, see Adams, 1952) 
and indicates that this difference is maintained 
during incubation, the rise in activity being the 
same for males and females. 

A number of experiments were then performed to 
determine some of the conditions necessary for the 
development of this additional catalase activity. 

Composition of the medium 

The results given in Fig. 1 were obtained with the 

saline—glucose—citrate medium described in the 


Experimental section. However, in the early stages 
of the investigation a few experiments were done to 


24 





4 6 0 2 4 6 


Incubation time (hr.) 


Change in catalase activity of mouse-liver slices during incubation (O, males, @, females). Catalase activities 
given as arithmetic means+s.e.M. The number of animals in each group is given by the small figures above 


0 - 4 6 0 2 
Fig. 1. 
are 
the standard error limits. (a) Schofield albinos, (6) Swiss albinos, (c) Schneider albinos. 


Table 1. Effect of the addition of glucose (0-01 Mm), and glucose (0-01M) with citrate (0-001), 


to the phosphate saline, on the catalase level obtained after incubation of mouse-liver slices 


Schofield mice were used. Results are given in arbitrary units/mg. of N. 


Catalase levels after incubation for time shown 





Initial Saline only 

catalase ——_—_——_,, 

Sex level 2 hr. 4 hr. 
Female 73 170 100 
Female 79 146 100 
Female 120 248 125 
Male 147 257 140 
Male 158 262 125 


Lee Se en a, 

Saline + glucose Saline + glucose + citrate 
el = \ t — —_ 

2 hr. 4 hr. 2 hr. 4 hr. 
160 129 220 205 
214 136 205 200 
263 238 241 234 
276 211 324 314 

292 180 294 226 
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determine whether the addition of substrates was 
necessary. Slices were incubated in saline medium 
only, in saline medium with glucose, and in saline 
medium with glucose and citrate. The results in 
Table 1 show that rises in catalase level were 
observed after incubation for 2 hr. with glucose and 
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Anaerobic conditions 


Slices were incubated anaerobically at 38° and 
catalase was estimated at intervals and compared 
with the catalase of slices incubated in the normal 
way. In this experiment citrate was omitted from 


citrate absent, but the level fell again after incuba- the medium. The results are given in Table 3 and 
tion for a further 2 hr. With glucose present the 
2 hr. readings were, in general, higher than when it 
was absent, and the subsequent fall was reduced. 
The further addition of citrate resulted in an even 


smaller fall after 2 hr. 


400 


Effect of temperature 


Liver slices from individual mice were divided 
into two groups, which were incubated at 38° and at 
20° respectively. The usual rise in catalase activity 
was observed in the slices incubated at 38°, but there 
was little change in the slices incubated at the lower 
temperature (Table 2). In this latter group, how- 
ever, there seemed to be a tendency for a small rise 
in catalase level after incubation for 4 hr: 


300 


Homogenization 200 


Slices from individual mice were divided into two 
groups. One group was incubated at 38° in the 
normal way. The other was homogenizea in a Ten 
Broeck grinder, and the resulting suspension incu- 
bated at 38°. The ratio of liver weight to medium 
volume was the same in the suspension as in the 
vessels containing slices. Little or no rise in 
catalase level was seen in the suspensions, as shown 


Catalase activity (arbitrary units/mg. of N) 


100 


in Fig. 2. 


Table 2. Catalase levels in mouse-liver slices 
after incubation at 38° and at 20° 
Swiss female mice were used. Results are given in 
arbitrary units/mg. of N. 0 2 4 
Incubation time (hr,) 





Catalase levels after incubation 
for time shown 








AL 

ce aot cs . Fig. 2. Catalase levels in mouse-liver slices during incuba- 
= y a - i a = = tion, compared with those of corresponding homo- 
level 2 hr. 4hr. 2 hr. one genates. The points represent individual livers and the 
129 138 154 250 297 crosses the arithmetic mean values of the groups. O, 
131 121 177 208 215 Male liver slices; 1, male liver homogenates; @, female 
140 130 115 248 260 liver slices; gj, female liver homogenates. The circles at 
126 139 155 271 244 Ohr. represent the initial catalase levels. Continuous 

120 135 128 235 lines refer to slices, dotted lines to homogenates. 
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Table 3. A comparison of the catalase rises obtained by incubating mouse-liver slices 
under aerobic and under anaerobic conditions 
Results are given in arbitrary units as arithmetic means+s.E.M. Citrate was omitted from the standard medium. 


Catalase levels after incubation for time shown 


A 





: - 
Gas phase 100% O, 








. 
Initial Gas phase 100% Nz 
catalase ——— ee ees ee 
Mice level 2 hr. 4 hr. 2 hr. 4 hr. 
Swiss males (9) 161+9-5 278+11 259+10 183+14 216+13 
Swiss females (7) 125+7-4 246+13 226+11 197+10 204+10 
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show that a rise in catalase was still obtained under 
anaerobic conditions, although it was smaller than 
that obtained aerobically. 


Sodium|/potassium ratio in the medium 


It has been shown that a large potassium leakage 
from liver slices occurs when they are placed in 
media with a high [Na*]/[K*] ratio (Buchanan, 
Hastings & Nesbett, 1949). Slices were therefore 
incubated in a medium in which this ratio was 
substantially lowered. These conditions were 
attained by substituting KCl for NaCl in the medium 





Table 4. Effect of a high potassium medium on the 
rise in mouse-liver catalase activity obtained on 
incubation 


The medium was prepared by substituting KCl for NaCl 
in the standard formula. Six Swiss female mice per group 
were used. Results are given in arbitrary units as arith- 
metic means+S.E.M. 


Catalase activity after incubation 


for time shown 
nacanecnaiatacatand 














ce a 

Initial Sodium medium Potassium medium 

catalase 7 A ~ - A . 
level 2 hr. 4 hr. 2 hr. 4 hr. 

120+9 207+8 210+15 214415 223+14 


300 Q 


200 


100 


Catalase activity (arbitrary units/mg. of N) 





0 z 4 
Incubation time (hr.) 


Fig. 3. Change in catalase activity during incubation of 
liver slices from normal female mice (@), and female mice 
pretreated with testosterone implants (O). The points 
represent individual livers and crosses the arithmetic 
mean values of the groups. 
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hitherto used. However, a rise in catalase level to 
the same extent was obtained in both media 
(Table 4). 

The results have already indicated that the sex 
difference in the liver catalase level of normal mice is 
maintained on incubation in vitro, approximately 
the same catalase rise being obtained in both males 
and females. Injection of testosterone into females 
elevates their catalase level (Adams, 1952), and 
liver slices from mice so treated were incubated, and 
the catalase levels obtained were compared with 
those of untreated controls. In this experiment, the 
mice received single subcutaneous implants of 
3 mg. of testosterone moistened with glycerol, and 
6 days were allowed to elapse before the catalase 
estimations were made. The testosterone implant 
raised the initial catalase activity from an average 
of 84 units to an average of 134 units, and this 
difference was approximately maintained during the 
rise in activity following incubation of the liver 
slices (Fig. 3). 


400 


300 


200 


Catalase activity (arbitrary units/mg. of N) 





0 2 4 
Incubation time (hr.) 

Fig. 4. Change in catalase activity during incubation of 
liver slices from normal female mice (@) and adrenal- 
ectomized females (A). The points represent individual 
livers and crosses the arithmetic mean values of the 
groups. 
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Adrenalectomy reduces catalase activity (Adams, 
1952). Liver slices from a group of adrenalectomized 
females were incubated, 3 days being allowed to 
elapse between the operations and the catalase 
estimations. The initial catalase level in the adrenal- 
ectomized group was considerably lower than in the 
controls. On incubation of liver slices from these 
animals the rise in catalase level in the adrenal- 
ectomized group was, ifanything, slightly lower than 
inthe normals. Substantial rises were, however, seen 
in both groups (Fig. 4). 


Tumour-bearing animals 


It then became of interest to determine whether 
tumour growth (which depresses liver-catalase 
activity) had any effect on the in vitro rise. Sarcoma 
37 tissue was implanted subcutaneously into a large 
group of Schneider male mice, and allowed to grow. 
The tumour-bearing animals were then killed, and 
liver siices from them incubated in the usual way. 
Catalase activities were determined after incuba- 
tion for 2 and 4 hr., and the results were averaged. 
The initial level was then subtracted, to give the rise 
in level during incubation. The tumours were 
dissected out and weighed approximately. In 
Table 5, the mice are arranged in five groups: 
controls, and mice bearing tumours weighing 0-9- 
1-9, 2-0—-2-9, 3-0-3-9 and 4-0—4-9 g. The results show 
that the initial liver catalase activity was reduced 
very sharply in the first tumour-bearing group, but 
the catalase rise during liver-slice incubation was 
substantially unchanged. With tumours weighing 
2-0-4-0 g. a slower but progressive fall in initial 
catalase level was observed, and this trend was 
paralleled in the rise obtained during incubation. 
Growth of the tumours to above 4g. in weight 
resulted in sharp reductions in both the initial 
catalase level and the rise during incubation. 

Since injections of tumour homogenate also 
depress catalase activity (Adams, 1950) a group of 
Swiss males was injected subcutaneously on each of 
3 consecutive days with 50mg. of homogenized 
Sarcoma 37, and catalase levels were determined 
after incubation of liver slices, on the fourth day. 
The results (Table 6) agree with those obtained from 
tumour-bearing animals in suggesting that the 
initial level is more tumour-sensitive than the rise 
during incubation. Liver slices were then incubated 
in the presence of Sarcoma 37 homogenate. The 
tumour was grown subcutaneously and a quantity 
of fresh tissue was homogenized in the saline medium 
with a Ten Broeck grinder. The resulting suspension 
was made to a concentration of 100 mg. of tissue/ml. 
This was added in 0-1 ml. quantities to a group of 
vessels, together with liver slices and additional 
saline medium to bring the fluid volume to the 
usual 1-5 ml. The slices were then incubated in the 
normal way, together with a corresponding group in 
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Table 5. Catalase levels before and after incubation 
of liver slices from mice bearing transplanted 
Sarcoma 37 tumours, compared with those of normal 
controls 


Schneider male mice were used. Results are given in 
arbitrary units/mg. of N. 


(6) 
Level after 
(a) incubation Rise in 
Initial of slices catalase 
Tumour liver (average of during 
wt. catalase readings at incubation 
(g.) level 2 and 4 hr.) (b) - (a) 
0 142 260 118 
(Controls) 138 217 89 
149 231 82 
125 208 83 
133 198 65 
172 254 82 
151 235 84 
138 ® sis 80 
Mean 144 229 85 
0-9-1-9 67 151 84 
95 176 81 
87 221 134 
94 178 84 
82 147 65 
98 187 89 
Mean 87 177 90 
2-0-2-9 81 142 61 
52 130 78 
103 169 66 
Mean 79 147 68 
3-0-3-9 63 128 65 
54 147 91 
61 184 123 
82 130 48 
76 123 46 
60 85 25 
Mean 66 132 66 
4-0-4-9 33 60 27 
22 41 19 ; 
50 89 39 
64 110 46 
50 81 31 
Mean 44 76 32 


Table 6. Effect of daily injection for three days of | 
Sarcoma 37 (50 mg./day) on the catalase activity 
obtained by incubation of liver slices 





Swiss male mice were used. Catalase levels were 
measured on the fourth day, and are expressed in arbitrary 
units/mg. of N as arithmetic means +5.E.M. 

Catalase levels 
after incubation 





¢ EE | 
Initial (Average of 
catalase 2and4hr. Rise on 
level readings) incubation 
Controls 171+8-6 259+3-9 88+76 
Tumour-injected 102+43°8 177+6-4 75+54 
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Table 7. Catalase in liver slices after incubation in 
the presence of 10 mg. of Sarcoma 37 (as homo- 
genate) per vessel, compared with catalase in s’ices 
incubated in the absence of tumour 


Swiss female mice were used. Results are given in 
arbitrary units/mg. of N, the nitrogen readings being 
corrected for the tumour contribution. 


Catalase levels after incubation 
for time shown 








t ~ 
Tumour homogenate No tumour 
Initial present homogenate 
catalase a A = s A 
level 2 hr. 4 hr. 2 hr. 4 hr. 
93 207 201 222 231 
87 183 200 215 188 
84 211 178 213 170 
110 227 201 200 196 


which the tumour homogenate was omitted. The 
nitrogen estimations were corrected for the presence 
of tumour tissue by determining its nitrogen 
content separately and subtracting it from the total. 
No catalase activity could be detected in the tumour 
homogenate. Table 7 shows that the presence of 
tumour homogenate had no effect either on the 
initial catalase level or on the levels found during 
incubation. 


DISCUSSION 


The results have shown that there is a potential 
catalase activity in mouse liver which is not 
detected by estimating the level of enzyme in a 
freshly prepared homogenate. This additional 
activity is present in homogenates prepared from 
liver slices which have been incubated for approxi- 
mately 2 hr. in a suitable medium at 38°, and is of 
the order of 70-120 % of the initial activity. The 
two most likely explanations of the appearance of 
this additional catalase are the presence in liver 
tissue either of a store of precursors from which 
fresh enzyme is rapidly synthesized, or of a ‘reserve’ 
of catalase in the form of an inactive complex 
capabie of dissociation to give free enzyme. The 
present preliminary results do not enable a decision 
to be made between these two alternatives, although 
prima facie a dissociable complex might be con- 
sidered to be the more simple explanation. How- 
ever, the dissociation of such a complex might be 
expected to occur readily in a dilute homogenate, 
but, as has been shown, no alteration in catalase 
activity was observed when such homogenates were 
incubated. This suggests that the breakdown of 
such a complex can take place only under the 
influence of some accessory system, for example, 
enzymically, or alternatively that a supply of energy 
is necessary. Many of the other experiments have 
also indicated that some metabolic activity is 
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involved in the production of the additional 
enzyme. It appears that, under aerobic con- 
ditions, oxidizable substrates are necessary for 
full development, that a much smaller rise is 
obtained under anaerobic conditions, and that the 
rise is virtually abolished by incubating the slices 
at 20°. 

The sex difference in initial catalase level found in 
the three strains of mice seems to be maintained 
during the development of the additional activity. 
This result has been consistently obtained, although 
the same difference at a generally higher level of 
activity is less significant statistically. The same 
result was also obtained with liver slices from 
females treated with testosterone, the elevation in 
initial level being maintained on incubation. It 
seems therefore that although males and females 
have different initial catalase levels, their livers 
can liberate the same amount of additional 
enzyme. 

Adrenalectomy, which reduced the initial enzyme 
level substantially, did not greatly affect the rise of 
activity on incubation. 

The experiments with tumour-bearing animals 
suggest that the initial catalase level is much more 
sensitive to early tumour growth than the activity 
released by incubation. However, the interpreta- 
tion of these results must await further study. It is 
nevertheless of interest that the addition of tumour 
homogenate to incubation vessels had no detectable 
effect on the catalase activity of the liver slices. 


SUMMARY 


1. Incubation of mouse-liver slices at 38° in a 
suitable medium results in the development of 
additional catalase activity. 

2. This effect is not observed in homogenates 
under the same conditions or in slices incubated at 
20°. It is smaller under anaerobic conditions. 

3. Although males have a higher initial liver- 
catalase activity than females, the rise in enzyme 
activity during incubation of slices occurs to the 
same extent in both sexes. 

4. Tumour growth reduces the initial liver 
catalase activity much more than it reduces the 
increase of activity obtained on incubation. 

5. Incubation of liver slices in the presence of 
tumour homogenate had no effect either on the 
initial catalase activity or on the development of the 
additional activity. 


Our thanks are due to Dr M. H. Salaman for his interest 
and advice, to Miss B. L. de Boise and Mr P. S. Diamond for 
skilled technical assistance and to Mr J. A. Rawlings for his 
care of the animals. The expenses of this research were 
partly defrayed out of a block grant from the British 
Empire Cancer Campaign. 
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Endogenous Respiration and Polysaccharide Reserves in Baker’s Yeast 


By L. H. STICKLAND 
Department of Experimental Pathology and Cancer Research, Medical School, Leeds 


(Received 15 September 1955) 


In the two following papers an attempt is made to 
assess quantitatively the Pasteur effect in baker’s 
yeast, to study the effect of a wide range of in- 
hibitors on it, and to determine whether it is related 
to phosphorylation rates. The present preliminary 
paper deals with the endogenous metabolism of the 
same yeast, so that it may be determined to what 
extent the endogenous metabolism must be taken 
into account in assessing the results of the experi- 
ments on glucose breakdown. 

Meyerhof (1925) first observed that the respiratory 
quotient (R.Q.) of yeast respiring in the absence of 
added substrate is far below unity (about 0-85), and 
gave reasons for believing that the R.Q. in the 
presence of glucose is 1-00. Lundsgaard (1930) 
demonstrated that in the presence of glucose the 
apparent R.Q. is 1-00, and remains at that value 
even in circumstances where there is no possibility 
of any contribution being made to the carbon 
dioxide production by a simultaneous fermentation, 
namely in the presence of 10-*m sodium iodo- 
acetate. 

More recently Stier & Stannard (1936) and 
Spiegelman & Nozawa (1945) have reported that 
yeast. of many varieties, including pure strains of 
Saccharomyces cerevisiae, show an endogenous 
respiration with an R.Q. of 1-00. This is, of course, 
taken to imply that the oxidation is one of carbo- 
hydrate, te. that the yeast is oxidizing its stored 
polysaccharide; but the same authors show beyond 
doubt that all the cultures they used are unable to 
ferment their stored polysaccharide. As yeast 
contains all the enzymes necessary for both pro- 
cesses, it is difficult to see why the one takes place 
and the other does not. 


MATERIALS AND METHODS 


Yeast. A single brand of commercial pressed baker’s 
yeast was used (City Brand Pure Yeast, J. Mann and Co., 
Leeds). This was made into a suspension in water containing 


15 g. fresh wt./100 ml.; for manometric measurements 0-5 or 
1-0 ml. was used, according to the metabolic activity of the 
yeast, in a total volume of 3-0 ml., and for phosphorylation 
measurements 2-0 ml. in a total of 3-0 ml. (1-0 ml. contained 
roughly 40 mg. dry wt.) 

Measurement of respiration and fermentation. Standard 
methods, with Warburg manometers, were employed. All 
manometric measurements were made at 25°, and lasted 
1 hr. unless otherwise stated. Whenever a comparison was 
made between polysaccharide determinations and mano- 
metric results, the latter were corrected for processes 
occurring during the equilibration of the manometers. 

All experiments were carried out in 0-016M aminotris- 
hydroxymethylmethane (tris) buffer at pH 6-5; it was con- 
firmed that there was no change in the CO, content of the 
buffer during fermentation experiments. Aerobic measure- 
ments were made in air; the N, for the anaerobic experi- 
ments was purified by passage over heated copper. 

Measurement of polysaccharide content of yeast. The 
contents of the manometer vessels (3-0 ml.) were treated 
with 2-0 ml. of 10% trichloroacetic acid and centrifuged. 
The deposit of yeast cells was hydrolysed in 2-0 ml. of 
2n-HCl at 100° for 90-120 min., neutralized and made up to 
15 ml., and the glucose content of a measured sample 


determined by the method of Hanes (1929). The initial | 


polysaccharide content of the yeast was also determined in 
the same way. The values obtained (total material capable of 
yielding reducing sugars on acid hydrolysis) will be referred 
to as ‘ polysaccharide’ and will be expressed as the equiva- 
lent amount of glucose. 


Table 1. Respiratory quotient of the endogenous 
respiration of yeast in different nutritional states 
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Figures in parentheses indicate the range of individual 


values. 
Treatment No. of 

of yeast samples R.Q. 

Impoverished 6 0-86 
(0-82-0-90) 

Normal 14 0-86 
(0-83-0-91) 

Enriched 8 0-83 
(0-76-0-90) 
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Table 2. Qo, of endogenous respiration and the rate of attack on glucose 
with yeast in different nutritional states 
Q QR3. 
Polysaccharide r x . c 
content In glucose In glucose 
Treatment of yeast (mg./g. dry wt.) Endogenous (0-13 %) Endogenous (0-13 %) 
Impoverished 271 -4-0 - 93 0-1 114 
Normal 271 —9-2 — 62 0-2 110 
Enriched 400 — 20-3 — 84 0-3 120 
Table 3. Absence of loss of polysaccharide during endogenous respiration of yeast 
The conditions of the experiments are given in the text. 
Polysaccharide Polysaccharide Polysaccharide 
content Total O, equivalent of O, (mg./manometer vessel) 
Expt. Treatment (mg./g. consumption consumption ————" 
no. of yeast dry wt.) (yl.) (mg.) Before After Change 
1 Impoverished 271 185 — 0-25 11-4 11-4 0 
Normal 271 515 — 0-69 11-4 11-3 —0-1 
Enriched 400 961 — 1-29 16-8 16-8 0 
2 Impoverished 370 200 — 0-27 14-5 14-5 0 
Normal 370 330 — 0-44 14-5 14-8 +03 
3 Normal 357 255 — 0-34 15-0 15-0 0 
+ Enriched 524 1236 — 1-66 22-0 22-1 +0-1 


Measurement of respiratory quotient. Two pairs of mano- 
meters were used, containing yeast suspension and buffer, 
one pair containing KOH to absorb CO, and the other not. 
The assumption is made that the O, consumption is the 
same in both pairs. Carbon dioxide of fermentative origin 
need not be considered, as there is no endogenous fermenta- 
tion. 

Measurement of rate of phosphorylation. Baker’s yeast as 
bought contains about 2 mg./g. dry wt. of acid-soluble 
inorganic P. When glucose is added, the total extractable P 
remains constant, and the inorganic P level falls (Macfarlane, 
1936). A similar fall in inorganic P level is found to occur 
when yeast is aerated in the absence of any added sub- 
strate. The method used to follow these changes was derived 
from that described in the following paper, in which the 
phosphorylation was initiated by the addition of glucose, 
either aerobically or anaerobically. Phosphorylation 
resulting from endogenous metabolism occurs only aerobic- 
ally, as there is no anaerobic endogenous metabolism. 

A suspension of yeast (2 ml.) was measured into each of 
a series of 4 in. x 0-5 in. test tubes with 0-5 ml. of tris buffer, 
pH 6-5, and 0-5 ml. of water or inhibitor solution. Each 
tube in turn was vigorously aerated by shaking for the 
required period, and the reaction then stopped by the 
addition of 2-0 ml. of 10% trichloroacetic acid solution. 
After they had stood for about 1 hr. at room temperature 
the tubes were centrifuged, and the inorganic P content of 
the supernatant was determined (Fiske & Subbarow, 1925). 
For comments on the accuracy of this procedure see Stick- 
land (19565). 

Treatment of the yeast. It was possible that the differences 
in R.Q. reported in the literature might be due to a difference 
in the nutritional state of the yeast; both Stier & Stannard 
(1936) and Spiegelman & Nozawa (1945) used fresh cells 
from young cultures (45 hr. at 25° and 30° respectively), and 
Meyerhof (1925) used ordinary baker’s yeast. For many of 
the following experiments therefore the yeast suspension 


was submitted to one of three treatments: (a) aerated 
vigorously at either room temperature or at 25° for 3 or 
4 hr. (impoverished) ; (5) left standing undisturbed at room 
temperature for the same period (normal); (c) treated with 
one-tenth of its weight of glucose, allowed to ferment for 
3 hr. at room temperature or 25°, and washed thoroughly 
five or six times by centrifuging (enriched). 

Expression of results. The metabolic processes of yeast in 
the absence of an added substrate, in contrast to those in the 
presence of glucose, do not proceed linearly but steadily 
decrease in rate. All the values for rates measured mano- 
metrically in the present paper are for average rates over the 
first hour. Rates of phosphorylation are calculated from the 
time taken to esterify 0-2 mg. of inorganic P/g. dry wt. of 
yeast (see Stickland, 19565). 


RESULTS 


Respiratory quotient. The endogenous R.Q. of the 
yeast as bought was always found to be well below 
unity. In fourteen samples the value found was 
0-85+0-02 (range 0-83-0-91). This value was not 
appreciably altered by either impoverishing or 
enriching the yeast (Table 1). The same specimens 
of yeast respiring in the presence of glucose (about 
7-5 x 10-°m) showed an average R.Q. of 1-02. 

Respiration and fermentation. The average endo- 
genous Q,, values for several samples of im- 
poverished, normal and enriched yeast were 
respectively —3-7, —5-7 and — 20-5. Table 2 gives 
the figures for one experiment, and shows in addi- 
tion that no anaerobic fermentation occurs in any of 
these conditions, and that the enzymes concerned 
in respiration and fermentation of glucose are not 
largely altered in amount by these treatments. 
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Polysaccharide content. Polysaccharide estima- 
tions were carried out on samples of each kind of 
treated yeast, both before and after respiration had 
taken place. Table 3 gives the results of some typical 
experiments. It will be noted that the polysac- 
charide content of the yeast was very high (some 
30 % of the dry wt.), that it was not decreased by the 
impoverishing process, but that it was considerably 
increased by the enriching process. During the 
respiration a quantity of O, was consumed which 
would represent the utilization of an appreciable 
part of the polysaccharide, if this were indeed the 
substrate of the oxidation. Actually, no polysac- 
charide disappeared from the yeast. It had been 
observed by Fiirth & Lieben (1922) that vigorous 
aeration of yeast does not reduce its content of 
polysaccharide (durch 2:2% HCl abspaltbarer 
Zucker). 

Phosphorylation associated with endogenous respir- 
ation. Just as when yeast is treated with glucose 
aerobically there is a rapid O, consumption 
(Qo,=—70) and a very rapid esterification of 
inorganic P (Qp?= — 120) (Stickland, 1956a, b), so 
the slower endogenous respiration (Qo,= —5) is 
associated with a slower rate of phosphorylation 
(Q9:= — 38; average of four samples). The whole 
course of this phosphorylation is shown in Fig. 1; it 
will be seen that the minimum value for the inorganic 
P reached, some 60% of the original resting value, 
is much higher than when glucose is present 
(Stickland, 19566). Surprisingly, no difference 
could be detected in the rates or in the minimum 
values reached between impoverished, normal and 
enriched samples (Fig. 1). 

Action of inhibitors on the endogenous respiration. 
The extent of the inhibition of the respiration of this 
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brand of yeast in the presence of glucose, by a 
number of inhibitors, is given in the following paper 
(Stickland, 1956 a). The endogenous respiration was, 
in general, less easily inhibited (Table 4) ; phenylurea 
had no effect, or sometimes produced a stimulation, 
at a concentration which caused some 90 % inhibi- 
tion of the glucose respiration; KCN and sodium 
azide had to be present at 30-100 times as high a 
concentration to produce a comparable effect; 


nd 
So 


—_ 
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Inorganic P content of yeast (mg./g. dry wt.) 





10 20 30 40 
Time (min.) 


Fig. 1. Changes in the inorganic phosphorus content of 
yeast during endogenous respiration. A, Normal yeast, 
no added substrate; x, impoverished yeast, no added 
substrate; (J, enriched yeast, no added substrate; A, 
normal yeast, glucose added. 














Table 4. Effect of inhibitors on the endogenous respiration of yeast 


Each manometer vessel contained 1-0 ml. of a 15% suspension of ‘normal’ yeast. 


Conen. 
(a1) 
10-4 

3 x 10-4 
10-3 
10-3 
10-2 
0-75 
1-5 
3-0 

2 x 10-? 
10-4 
10-3 
10-2 
10-3 
10-3 

3 x 10-3 

3x 10-3 


Inhibitor 
KCN 


Sodium azide 


Urethane 


Phenylurea 
Sodium arsenate 


Sodium iodoacetate 


DNP 


Qo, 

Aca 
No Inhibitor Inhibition 

inhibitor present (%) 
—8-4 -—4-] 51 
—8-4 —1-6 81 
—8-4 -1-l1 87 
— 6-2 -—3°5 43 
—8-4 -—1-2 86 
~ 25 —1-4 42 
- 2:5 ~0-5 81 
-2°5 0 100 
—3:3 -3:3 0 
—4-9 —4:3 13 
—49 —4-0 18 
-4-9 —4-4 ll 
—44 — 2:5 43 
— 6-2 —8-2 -—33 
-—6°5 -7:3 -12 
-76 -—6:3 17 
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arsenate and arsenite inhibited very little even at 


the highest concentration. On the other hand, 
urethane inhibited the endogenous respiration as 
much as the glucose respiration, and sodium iodo- 
acetate more so. 2:4-Dinitrophenol (DNP) usually 
stimulated the endogenous respiration but some- 
times at the highest concentration (3 x 10-°m) it 
caused slight inhibition. 

Action of inhibitors on the endogenous phosphoryla- 
tion. The same inhibitors inhibited the endogenous 
phosphorylation to approximately the same extent 
as the endogenous respiration, with the exception of 
DNP which suppressed the phosphorylation com- 
pletely for the first 5min. (Table 5). This was 
followed by an extremely slow esterification in the 
next 20 min. (Q $?= — 0-4, compared with Q 9:= — 34 
in the control). 

Action of DNP. Rothstein & Berke (1952) 
observed that 5x10-*m DNP induced a CO, 
production in yeast anaerobically, and showed that 
it was partly at the expense of the ‘total hydrolys- 
able sugar’ fraction of the yeast (in the present 
paper referred to as ‘polysaccharide’). They 
accepted the conclusion of Spiegelman & Nozawa 


| (1945) and Stier & Stannard (1936) that the endo- 


genous respiration represented an oxidation of 
glycogen, and deduced that the DNP made the 
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attack on stored polysaccharide possible under 
anaerobic as well as aerobic conditions. 

It was important to determine whether the R.Q. 
of the endogenous respiration in the presence of 
DNP has, under the conditions of the present 
experiments, the same low value as in its absence. 
Attempts to measure the R.Q. directly were frus- 
trated by the fact that, as would be expected from 
the anaerobic experiments of Rothstein & Berke 
(1952), DNP sets up even aerobically in yeast an 
evolution of CO, of such magnitude that the 
apparent R.Q. may be as high as 2-0. To determine 
the nature of the substrate of the CO, evolution, 
determinations were therefore made of the polysac- 
charide content of the yeast before and after the 
manometric period, in the presence and in the 
absence of 3 x 10-*m DNP;; the results of some such 
experiments are given in Table 6. 

It will be seen that polysaccharide did disappear 
and the quantity so disappearing was enough to 
account not only for the extra CO, production, but 
also for the O, consumption, i.e. in the presence of 
DNP there was a complete change-over from non- 
carbohydrate to carbohydrate breakdown. The 
amount of polysaccharide oxidized and the amount 
fermented aerobically, under the influence of DNP, 
both varied widely with the state of nutrition of the 


Table 5. Inhibition of the phosphorylation associated with the endogenous respiration of yeast 


Q$ was determined from the time required for the esterification of 0-2 mg. of inorganic P/g. dry wt. of yeast. 


Conen. 
Inhibitor (mM) 
KCN 10-4 
5x 10-4 
Sodium azide 10-2 
Urethane 0-75 
Phenylurea 10-? 
Sodium arsenite 10-3 
DNP 10-3 


Qe 

No Inhibitor Inhibition 
inhibitor present %) 

—52 — 36 29 

— 52 —28 46 

—52 0 100 

-52 0 100 

—52 ~3) 40 


— 20 
100 


— 52 


— 52 0 


Table 6. Effect of DNP on endogenous respiration and aerobic fermentation in yeast 








Non- Polysaccharide 
respiratory equivalent of Polysaccharide found 
Conen. Total O, CO, — TT OS (mg.) 
Expt. Treatment of DNP consumed _ produced* O, CO, O,+CO, - — ny 
no. of yeast (mm) (yl.) (pl.) (mg.) (mg.) (mg.) Initial Final Change 
1 Impoverished 0 185 0 0-25 0 0-25 11-3 11-4 +0-1 
3 308 83 0-40 0-33 0-73 11:3 10-7 — 0:6 
Normal 0 389 0 0-52 0 0-52 11-2 11-1 -0-1 
3 398 271 0-53 1-09 1-62 11-2 9-6 —1-6 
Enriched 0 961 0 1-29 0 1-29 16-8 16-8 0 
3 886 492 1-19 1-98 3-17 16-9 13-8 -3-1 
2 Enriched 0 1053 0 1-41 0 1-41 21-8 21-7 -0-1 
| 3 730 670 0-98 2-69 3-67 21:8 18-4 —3-4 
* In the controls without DNP the absence of anaerobic fermentation was taken throughout to imply an absence of 


aerobic fermentation. In the experiments with DNP, the results showed that the substrate of the respiration was now 
carbohydrate, so a value of 1-00 was taken for the R.Q. in evaluating the ‘non-respiratory CO,’. 
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yeast. The total rate of catabolism of polysaccharide 
in the presence of DNP was four to five times as 
great in enriched as in impoverished samples, 
although the total polysaccharide content was only 
roughly 50% higher in the former; this suggests 
that the rate was determined not by the total 
polysaccharide present, but by the concentration of 
one particular fraction of it. 

It would have been of interest to confirm the 
nature of the substrate of the respiration by 
measuring its R.Q., the fermentative CO, production 
being eliminated by the addition of iodoacetate. 
This proved impossible, as the CO, evolution was 
not susceptible to inhibition even by 10-*m iodo- 
acetate (Table 7). 

This result was so unexpected that it was thought 
worth while to determine (a) whether the anaerobic 
fermentation of glucose in the presence of DNP was 
inhibited by iodoacetate, and (b) whether the much 
higher concentration of yeast cells used in the 
absence of glucose was binding much of the iodo- 
acetate and reducing its effective concentration. It 
was found that anaerobic glucose fermentation was 
almost as susceptible to iodoacetate in the presence 
of DNP as in its absence, and that 10-*m iodo- 
acetate caused at least 99% inhibition of glucose 
fermentation even with 42 mg. dry wt. of yeast/ 
manometer vessel. 

Action of DNP anaerobically. Rothstein & 
Berke (1952) found that anaerobic CO, production 
initiated by DNP ceased quite abruptly after about 
lhr., when the total CO, produced amounted to 
some 4 yl./mg. wet wt. of yeast ; the initial Qj, was 





Table 7. 
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about +12. This has been confirmed for the yeast 
used in the present experiments, in which the initial 
oc, averaged +15 and the CO, production 
anaerobically almost ceased after 1 hr., when 2-5- 
3 pl./mg. wet wt. of yeast had appeared. Aerobically 
the CO, production, although it slowed down, did 
not stop after 1 hr., but was still proceeding at that 
point at at least one-half of its initial rate, and was on 
some occasions reduced to one-half only after 2 hr. 
The result of this better maintenance of the aerobic- 
fermentation rate can be seen in Table 8. 

Effect of arsenate. In a later paper (Stickland, 
19565) it will be shown that arsenate at 5 x 10-5m or 
less inhibits glucose oxidation by yeast by some 
80%, but that higher concentrations up to 10-°m 
are not much more inhibitory, i.e. there is a residuum 
of arsenate-stable respiration. In the present paper 
(Table 4) it appears that arsenate, even at 10-*M, 
searcely inhibits the endogenous respiration of the 
same yeast. The arsenate-stable portion of the 
respiration is of the same order of magnitude in the 
two cases (Table 9), so it seems possible that the 
action of arsenate is to suppress glucose oxidation 
and leave the endogenous respiration intact. If this 
were so, the R.Q. in presence of glucose and arsenate 
should be about 0-85, and this has been confirmed by 
experiment (Table 10). 

A further effect of arsenate may be seen in its 
action in inducing a fermentation of stored poly- 
saccharide, an action similar to that of DNP, except 
that the effect is marked only with ‘enriched’ yeast 
(arsenate 10-*m, ‘normal’ yeast @¢%,= +97, 
‘enriched’ yeast Q 3, = + 8). 


Absence of inhibition by iodoacetate of endogenous fermentation induced by DN P 





In each manometer vessel there was 1-0 ml. of suspension of enriched yeast. 
Non- Polysaccharide Polysaccharide found 
0, respiratory equivalent of (mg.) 
consumed CO, produced O, +CO, - . ; ‘ 
Additions (pl.) (pl.) (mg.) Initial Final Change 
None - 961 0 1-29 16-8 16-8 0 
DNP 3 mM — 886 +492 3-17 16-8 13-9 2-9 
DNP 3 mo +iodoacetate mm — 886 +514 3-26 16-8 13-7 - -3: 1 


Table 


8. Anaerobic fermentation of polysaccharide induced in yeast by DN P 


In each manometer vessel there was 1-0 ml. of suspension of enriched yeast. 


Non- Polysaccharide equivalent of Polysaccharide found 
Concen. O, respiratory — (mg. ) 
of DNP Gas consumed CO, produced O, CO, 0, +C 0, —o —-—— 
(mm) phase (pl.) (ul.) (mg.) (mg.) (mg.) Initial Final C ‘hange 
0 Air 1236 0 1-66 0 1-66 22:0 22-1 +O-1 
3 Air 725 564 0-97 2°27 3-24 22-0 19-0 —3-0 
0 N, 0 71* 0 0-28 0-28 22-0 22:0 a ‘0 
3 N, 0 410 0 1-65 1-65 22-0 20-3 
* This sample of yeast had an unusually high rate of endogenous fermentation (Q33, = + 1-4). 
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Table 9. Magnitude of arsenate-stable respiration 
in yeast in various nutritional states 


Q Jo 
ae 
Arsenate Inhibition 
State of yeast Control (mm) (%) 
Impoverished -—4:3 -3-9 10 
Normal —7-4 — 6-0 19 
Enriched -21 -73 65 
Normal + glucose -77 -11-9 85 


Table 10. Respiratory quotient of arsenate-stable 
respiration of yeast in presence of glucose 


The fermentation caused by the inhibition of respiration 
by arsenate was inhibited by iodoacetate. Each mano- 
meter vessel contained 1-0 ml. of 5% yeast suspension 
(about 14 mg. dry wt.), 0-5 ml. of 0-8 % glucose, 0-5 ml. of 
0-Im tris, pH 6-5, 0-5 ml. of 6 mm sodium arsenate and 
0:5 ml. of 6 mm iodoacetate. Duplicate pairs were set up 
with and without KOH to absorb the respiratory CO,. 


R.Q. in glucose R.Q. of 
+arsenate endogenous 
State of yeast + iodoacetate respiration 
Impoverished 0-85 0-86 
Normal 0-89 0-87 
Normal 0-78 0-87 
DISCUSSION 


It is clear from the results presented that the sub- 
strate for the respiration when no external oxidiz- 
able material is present is, in ordinary commercial 
baker’s yeast, not of carbohydrate nature. This 
agrees with earlier workers’ measurements of R.Q. 
and is consistent with the fact that no fermentation 
of stored carbohydraie takes place. The effect of 
DNP is to make the stored carbohydrate available 
for breakdown, and this takes place by both 
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oxidation and fermentation, the oxidation of the 
non-carbohydrate substrate being suppressed. The 
nature of the non-carbohydrate material remains 
unknown; its amount in the yeast cell is reduced by 
aeration, and increased by treatment of the cell with 
glucose; the R.Q. of its oxidation is 0-85. 


SUMMARY 


1. When baker’s yeast respires without added 
substrate its respiratory quotient is 0-85. 

2. No stored polysaccharide disappears during 
this respiration. 

3. The respiration is associated with an esterifi- 
cation of inorganic phosphate (Q??= — 40). 

4. In the presence of 2:4-dinitrophenol (DNP) 
aerobically a fermentation of stored carbohydrate is 
set up and the respiration is changed to an oxidation 
of carbohydrate. 

5. The fermentation induced by DNP is not 
inhibited by 10-*m iodoacetate. 
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The Pasteur Effect in Normal Yeast and 
its Inhibition by Various Agents 


By L. H. 


STICKLAND 
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As Dickens (1951) has most recently pointed out, 
no theory yet put forward to explain the Pasteur 
effect can be considered to exclude numerous other 
possible theories. The present paper seeks to define 
the problem more closely as it occurs in yeast, and to 
dispose of at least one of the conflicting theories 
that have been proposed to explain the phenomenon. 


The definition of the Pasteur effect is commonly 
stated in two parts: (1) the partial or complete 
suppression by oxygen of the formation of the 
products of anaerobic carbohydrate breakdown, and 
(2) the diminution by oxygen of the rate of carbo- 
hydrate breakdown. The first part of the definition 
may be given quantitative expression by means of 
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the Meyerhof quotient (M.Q.=Q%, — Q2%,/@o,) 3 80 
far no expression giving a quantitative measure of 
the second part of the definition has been used, and 
for this purpose the Pasteur quotient is proposed, 
defined as P.Q.=QB3icose/Gdiicose: Ln the baker’s 
yeast used in the present experiments the numerical 
value of the P.Q. was usually 0-20—0-25, at low 
glucose concentrations, a figure agreeing with the 
many data found in the literature. 

Observations of the Pasteur effect have usually 
been made by measuring the rates of respiration and 
of aerobic and anaerobic fermentation. The respira- 
tory oxygen has not always been shown to represent 
oxidation of glucose, which makes evaluation of the 
P.Q. impossible. In the present case it will be shown 
that the oxygen consumption is a measure of the 
glucose oxidized. Further, not all the glucose used 
by the yeast is oxidized or fermented, and a 
different value of the P.Q. will be obtained accord- 
ing to whether the rate of glucose catabolism or of 
total glucose utilization is used. 

All substances which inhibit respiration induce an 
aerobic fermentation and thereby increase the 
value of the P.Q. to 1-0. It is only when such an 
increase of the P.Q. is observed without any 
simultaneous inhibition of the respiration that the 
Pasteur effect is said to be inhibited. A large 
number of substances have been shown to inhibit the 
Pasteur effect in various mammalian tissues (see 
Dickens, 1951). The present paper gives, for one 
particular brand of baker’s yeast: (1) an evaluation, 
in terms of the Pasteur quotient as defined above, 
of the effect of oxygen on the catabolism and total 
utilization of glucose; and (2) the effect of a wide 
range of inhibitors on this effect of oxygen. In a 
later paper an account will be given of the phos- 
phorylation processes in the same yeast, and the 
effect of the same inhibitors on them (Stickland, 
19565). 





MATERIALS AND METHODS 


Yeast. Ordinary pressed baker’s yeast (City Brand Pure 
Yeast, made by J. Mann and Co., Leeds) was used; other 
brands, used occasionally, showed some slight quantitative 
differences in behaviour. For some experiments the yeast 
was washed with water; the washings were water-clear and 
contained no protein (material precipitable by trichloro- 
acetic acid) or P (either inorganic or combined) and washing 
of the yeast was in general dispensed with. 

Manometric measurement of glucose catabolism. The 
standard method of measuring O, consumption and CO, 


production in Warburg manometers was used. For all 
2 0/ 


manometric experiments 0-5 ml. of a 2% (fresh wt.) sus- 
pension of yeast in water, 0-5 ml. of 0-1 M aminotrishydroxy- 
methylmethane, pH 6-5, and 0-5 ml. of 0-8% glucose were 
present in each vessel; total vol., 3-0 ml. For anaerobic 
measurements the vessels were filled with N, purified by 
passage over heated copper; it was confirmed that there was 
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no change in the CO, content of the buffer during fermenta- 


tion under these conditions. Fermentation in air was 
followed by measuring the change of pressure in a mano- 
meter with no KOH to absorb the respiratory CO,, and 
making a correction for the respiration from a simultaneous 
measurement of this quantity, on the assumption that the 
R.Q. was unity. It was shown that the phenomena to be 
described could still be observed at O, tensions down to 
about 20mm. Hg. All manometric measurements were 
made at 25°, and lasted lhr. after the equilibration 
of the manometers, unless anything to the contrary is 
stated. 

Measurement of total glucose utilization. For these experi- 
ments the glucose (0-5 ml. of 0-8% solution) was placed in 
the side arm of the manometer vessel, and was tipped after 
equilibration was complete; manometric readings were 
taken, usually for 60 min.; then the vessels were quickly 
removed and 2-0 ml. of 10% trichloroacetic acid solution 
was added to their contents. After thorough rinsing of the 
side arm, the mixtures were centrifuged. The glucose content 
of a measured sample of the neutralized supernatant was 
determined by the method of Hanes (1929). 

Measurement of polysaccharide synthesis. The yeast 
residues obtained in the previous procedure were washed 
with ethanol by centrifuging to remove glucose, and then 
hydrolysed in 2N-HCI for 2 hr. at 100°. This was shown to be 
sufficient to produce a steady maximum reducing power in 
the solution. The glucose content of the neutralized solu- 
tions was determined by the method of Hanes (1929). No 
attempt was made to identify the substance or substances 
whose hydrolysis gave rise to these reducing sugars, but the 
course of the hydrolysis was parallel to that of glycogen, and 
for the purpose of this paper the material in question will be 
referred to as ‘ polysaccharide’. Its quantity will be given as 
the equivalent amount of glucose. 

The average polysaccharide content of the baker’s yeast 
used in these experiments was 340 mg./g. dry wt. of yeast 
(range 270-360 mg./g. dry wt.), which on incubation of the 
yeast in glucose solution for 1 hr. increased aerobically to 
about 470 mg./g. dry wt. and anaerobically to about 
440 mg./g. dry wt. This reserve carbohydrate is not avail- 
able for fermentation (Stier & Stannard, 1936; Spiegelman 
& Nozawa, 1945), but some respiration does take place in 
the absence of external substrates. This endogenous respira- 
tion is not an oxidation of polysaccharide. 

Method of expressing results. As the Pasteur effect is said 
to be inhibited only when the P.Q. is increased without any 
inhibition of the respiration, it is essential to have a means of 
expressing numerically the extent of any increase in the 
P.Q., in order to compare it with the degree of inhibition of 
the respiration under the same conditions. The P.Q. in 
normal yeast is usually about 0-22, and this value can be 
increased to 1-00 by inhibiting the respiration (it can also in 
some circumstances exceed unity). Therefore the degree of 
elevation of the P.Q. can be simply expressed as a proportion 
of the difference between the uninhibited value and 1-00; 
e.g. if the control value were 0-22, and this were increased in 
the presence of an inhibitor to 0-80, the degree of elevation 
of the P.Q. may be written as (0-80-0-22)/(1-00-0-22) =74 %. 
If this elevation of the P.Q. is greater than the inhibition of 
the respiration, some degree of inhibition of the Pasteur 
effect has been produced; if the elevation of the P.Q. is 
100%, and the respiration unaffected, then the Pasteur 
effect has been completely inhibited. 
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RESULTS 


Respiratory quotient 


The validity of the measurements of aerobic 
fermentation depends on the fact that the R.Q. 
of yeast respiring in the presence of glucose is 1-00, 
so this point must be established first. 

The R.Q. of yeast in the absence of glucose is 
about 0-85 (Meyerhof, 1925; Lundsgaard, 1930; 
Stickland, 1956a); in the presence of glucose the 
R.Q. cannot be measured directly, since CO, is one 
of the products of fermentation as well as of 
respiration. Meyerhof (1925) gives reasons for 
assuming a value of 1-00 in the presence of glucose, 
and Lundsgaard (1930) foundanR.Q. of 0-99 in yeast 
respiring in glucose solution in the presence of a 
concentration of iodoacetate sufficient to suppress 
completely the fermentation. In the present experi- 
ments this observation of Lundsgaard has been 
repeated (see below). In six experiments with iodo- 
acetate, at various concentrations from 2-5 x 10-*m 
to 10-°m, in which the inhibition of the anaerobic 
fermentation ranged from 80 to 100 %, the average 
R.Q. was found to be 1-01, and in the corresponding 
control series without iodoacetate, 0-99. It was also 
found that the yeast used in these experiments 
showed only a very low rate of respiration in the 
absence of glucose, so that at least 85% of the O, 
consumption must represent glucose oxidation, and 
on that ground alone the R.Q. could not be less than 
0-98. 

Pasteur effect 


(a) From measurements of glucose catabolism. The 
averages of fifty experiments on _ thirty-four 
samples of yeast are presented in Table 1. This shows 
that under the conditions described fermentation is 
completely suppressed by O,, and the rate of cata- 
bolism of glucose is at the same time reduced to 
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about one-fifth (P.Q.=0-22). The calculation 
assumes that all the respiration represents glucose 
oxidation; this is justified on the grounds given 
above. 

(b) From measurements of total glucose utilization. 
The rate of disappearance of glucose, as shown in 
Table 2, is greater than can be accounted for by the 
rate of catabolism, as was observed by Meyerhof 
(1925), and the amount of glucose that cannot be 
accounted for is about the same in the presence and 
absence of O,. The result of this is that the P.Q. is 
much higher when total glucose utilization is taken 
into account, the figure being 0-52; i.e. the glucose 
utilization is reduced only to one-half by O,. 


Polysaccharide synthesis 


In the previous section it was shown that much of 
the glucose that disappears cannot be accounted for 
by either respiration or fermentation. The amount 
of glucose unaccounted for is roughly the same 


Table 1. The Pasteur quotient of baker’s yeast from 
measurements of glucose catabolized 


The value of Q8%, is corrected for the simultaneous 
respiration on the basis of R.Q. =1-00. 

QBircose is derived from Q3%, on the assumption that 
exactly 2 moles of CO, arise from 1 mole of glucose. 

Q Brose iS derived from Q83, and Qo, on the same basis 
with respect to the fermentation, and on the assumption 
that 6 moles of O, represent the oxidation of 1 mole of 
glucose. The figures in parentheses after the averages are 
the extreme values observed (in fifty experiments). 


Qo, -71 (-49 to -—90) 
$3. 1 (-5 to +6) 
QSiacose —-e ( =a = 14) 
O83. 104 (76 to 148) 

BP cose -52 (-38 to —74) 
P.Q. 0-22 (0-16 to 0-29) 


Table 2. The Pasteur quotient of baker’s yeast from measurements of total glucose utilization 


The various determinations were made as described in the Methods section. The averages are those of nineteen experi- 
ments. Concentrations of yeast, glucose and’ buffer as in text. Qgjucose is obtained by making 180 g. of glucose = 22-4 1. 





Glucose 
ae A 
In air In N, f 
‘ (mg.) (mg.) QSiacose QEiicose 
Catabolism (from manometric measurements 0-24 1-02 -11 —45 
as in Table 1) (0-18-0-29) (0-82-1-19) 
Utilization (from direct estimation of glucose) 0-80 1-55 — 36 — 69 
(0-65-0-98) (1-31-1-84) 
Glucose utilization not accounted for by 0-56 0-52 -— — 
catabolism (0-39-0-75) (0-40-0-69) 
0-36 0-28 +16 +12 


Polysaccharide formation 


(0-30-0-52) 


P.Q. (catabolism) 


P.Q. (total glucose) 


(0-18-0-41) 


0-24 
(0-18-0-30) 
0-52 


(0-41-0-60) 
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aerobically and anaerobically, but the proportion is 
far greater aerobically (70%) than anaerobically 
(34%). Table 2 shows that of this missing glucose a 
large part (64 % aerobically and 54 % anaerobically) 
can be accounted for by an increase in the polysac- 
charide content of the yeast; the fate of the rest in 
the aerobic experiments of Pickett & Clifton (1943) 
could not be determined, but there was no fat 
synthesis as had been suggested by Meyerhof 
(1925). The present results are in good quantitative 
agreement with those of Meyerhof (1925) and 
Pickett & Clifton (1941, 1943). 


Linearity of the processes 


Fig. 1 shows that respiration, fermentation, 
glucose disappearance and polysaccharide synthesis 
all proceed roughly linearly, under the conditions 
described, for 80 min., so that it is justifiable to use 
single determinations at 1 hr. to measure rates. In 
some experiments manometers were removed for 
estimations at 20, 40 and 60 min., but in most cases 
duplicates at 60 min. were taken. 


Effect of glucose concentration 


Meyerhof (1925), working with a concentration of 
glucose of 2-5 or 5 %, gave figures for respiration and 
fermentation which lead to a value of about 0-4 for 
the P.Q. in baker’s yeast (0-6 for bottom yeast). 
From the use of 0-25 % of glucose in his experiments 
on the rate of disappearance of glucose determined 
chemically, he gives data which lead to a P.Q. 
averaging 0-6. The latter figure is similar to that 
found in the present experiments at a similar 
glucose concentration (namely, 0-52), but the 
former is considerably higher than that shown in 
Table 1 (namely, 0-22). The effect of glucose con- 
centration on the P.Q. was therefore investigated, 
with the results shown in Fig. 2. At low glucose 
concentrations Q 3, was zero, but began to have a 
measurable value at a glucose concentration of 
about 0-5-1 %, and then increased rapidly with the 
concentration. @,, was constant over the whole 
range above 0-1 %, and Q 33, increased steadily with 
the glucose concentration, though less rapidly above 
0-5 %. The P.Q. over the middle range of concentra- 
tions (0-1-1 %) had its normal low value, in this 
case about 0-25; at very low concentrations the 
P.Q. rose because the anaerobic fermentation 
decreased with fall of glucose concentration more 
than did the respiration, and at higher concentra- 
tions the P.Q. increased because of the appearance 
of a very considerable aerobic fermentation. 

A comparison of the rates of total glucose utiliza- 
tion at a low (0:2%) and a high (5:0%) glucose 
concentration is shown in Table 3. The usual 
methods were used, except that at the high glucose 
concentration, to obtain sufficient accuracy in the 
measurement of the amount of glucose used, the 
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experiment had to be continued for 3 hr. The figures 
in Table 3 give the average changes per hr. over the 
3 hr. period. The only points of difference to be 
noted are the aerobic fermentation at the higher 
concentration, already referred to, and the lower 
yield of polysaccharide at the higher concentration, 





, 
o 


= 
So 


Glucose (mg./manometer vessel) 


Time (min.) 


Fig. 1. Linear course of the glucose metabolism of yeast. 
Initial concentration of glucose was 4-0 mg./manometer 
vessel (7-4mm). x—x, Total glucose used in N,; 
x---x, total glucose used in air; [—(, glucose cata- 
bolized in N,; D- - -O, glucose catabolized in air; A—A, 
polysaccharide synthesized in N,; A---A, polysac- 
charide synthesized in air. 





0 +1 
log glucose concn. (%) 


Fig. 2. Effect of glucose concentration on the rates of 
catabolism of glucose by yeast, and on the P.Q. O—O, 
: Ns . ; 
Qo, ;A—A, Océ: 3 V—V; 83, Sat oe my P.Q. 
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Table 3. Glucose catabolism and total utilization at a high and a low glucose concentration 


Glucose (mg./manometer vessel) 








- A. . - 
Aerobic Anaerobic 
= eet i 
Glucose concen. (%) 0-2 5-0 0-2 5-0 
Glucose catabolized 
Oxidized 0-58 0-57 0 0 
Fermented 0-04 0-40 2-91 4-03 
Total 0-62 0-97 2-91 4-03 
PQ. 0-21 0-24 — a 
Total glucose utilized 1-80 2-20 3-87 5-30 
P.Q. 0-46 0-42 — — 
Glucose unaccounted for 1-18 1-23 0-96 1-27 
Polysaccharide found 0-78 0-32 0-53 0-38 


which is accounted for by the longer duration of the 
experiment. The absolute amount synthesized in 
the 3 hr. was greater than that at the lower concen- 
tration in 1 hr., and presumably represents a satura- 
tion of the yeast with polysaccharide. 


Effect of inhibitors 


Table 4 gives a general survey of the results with 
a number of poisons on glucose catabolism, cal- 
culated in such a way as to bring out any inhibition 
of the Pasteur effect. The ordinary respiratory 
inhibitors (sodium azide, KCN, lowered O, tension) 
increased the P.Q. to the same degree as they 
lowered the respiration, i.e. did not inhibit the 
Pasteur effect ; narcotics (phenylurea, urethane, and 
many others), though they inhibited to varying 
degrees both respiration and fermentation, again 
did not inhibit the Pasteur effect ; sodium arsenate 
and arsenite, although having anomalous effects on 
respiration and fermentation, did not inhibit the 
Pasteur effect. Sodium iodoacetate (Lundsgaard, 
1930), by inhibiting the fermentation and leaving 
the respiration relatively unaffected, brought about 
arise in the P.Q. which would by the definitions so 
far advanced constitute an inhibition of the Pasteur 
effect ; it cannot be so regarded, and the definition 
must be emended to exclude such phenomena (see 
below). 2:4-Dinitrophenol (DNP) inhibited the 
Pasteur effect powerfully (Ehrenfest & Ronzoni, 
1933). Propionitrile at concentrations of the order 
of 0-1m also inhibited, as did ethyl carbylamine, 
a result already hinted at by Warburg (1926a). 

From the list of substances in Table 4 were chosen 
representative inhibitors for the study of their effect 
on glucose utilization, polysaccharide synthesis and, 
as reported in a later paper, phosphorylation. Those 
used were: (a) sodium azide and KCN, non-inhi- 
bitors of the Pasteur effect; (b) DNP and propioni- 
trile, inhibitors of the Pasteur effect; (c) urethane, 
a typical narcotic which inhibits respiration and 
fermentation, but not the Pasteur effect ; (d) sodium 
arsenate, sodium arsenite and sodium iodoacetate, 


for reasons of general interest not specifically 
connected with the Pasteur effect. 

Sodium azide. Table 4 has shown that with pro- 
gressively increasing concentrations of sodium azide 
the respiration was increasingly inhibited, and the 
P.Q. simultaneously increased towards a limiting 
value of 1-00. 

Table 5 gives data for the total rate of disappear- 
ance of glucose and the rate of polysaccharide 
synthesis at two concentrations of sodium azide. 
At 10-4, the total anaerobic glucose utilization 
was increased over the control roughly in the same 
proportion as the fermentation; aerobically, the 
respiration was largely inhibited, and aerobic 
fermentation appeared, total catabolism being 
increased, the glucose utilization being increased 
almost as much; the amount of glucose unaccounted 
for was not much diminished, and polysaccharide 
synthesis remained considerable. Thus this concen- 
tration of azide merely changed over the mode of 
breakdown of glucose in O, from oxidation to 
fermentation, brought the rates of catabolism and 
total utilization of glucose in O, up to the anaerobic 
level, and left polysaccharide synthesis substanti- 
ally unaltered. At the higher concentration of 
azide (10-*M) a similar situation was found, except 
that now the total glucose utilization scarcely 
exceeded the amount catabolized, and polysac- 
charide synthesis was almost entirely suppressed, 
both aerobically and anaerobically. 

Potassium cyanide. In Table 4 it was seen that 
with increasing concentrations of KCN the respira- 
tion fell and the P.Q. rose to approximately unity, 
the anaerobic fermentation rate being unaffected 
(Warburg, 1925). It is to be noted that a consider- 
able degree of inhibition of respiration appeared 
before very much aerobic fermentation arose (at 
3x 10-*m). This was observed consistently, but 
might conceivably be due to a difference in the HCN 
concentrations between the vessels in which the 
CO, was absorbed and those in which it was not. 
The KCN—KOH mixtures of Robbie (1946) were 
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used for CO, absorption in the presence of HCN, and 
the internal evidence of the experiments themselves 
(constancy of the degree of inhibition of the 
respiration during the entire period of the experi- 
ment) suggested that the HCN concentrations were 
being maintained at the level required. 

Table 6 shows that KCN up to 10-4 mu had no effect 
on the glucose utilization or polysaccharide syn- 
thesis, beyond increasing the former quantity up to 
the anaerobic level. 

2:4-Dinitrophenol. From the example given in 
Table 4 it may be seen that DNP increased both 
respiration and anaerobic fermentation, the P.Q. 
being raised at moderate concentrations chiefly by 
the increased respiration, not by a marked aerobic 
fermentation. Only at very high concentrations did 
aerobic fermentation become quantitatively im- 
portant, and at these levels the anaerobic fermenta- 
tion was already partially inhibited. However, the 
P.Q. could be raised to values much above 1-00. 
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The results for glucose utilization and polysac- 
charide synthesis in the presence of DNP (Table 7) 
are complicated by the fact that this agent (uniquely 
among the inhibitors used in the present work) 
changed the endogenous metabolism in such a way 
that fermentation of the polysaccharides of the 
yeast cell was set up (Rothstein & Berke, 1952) and 
the endogenous respiration was changed from a non- 
carbohydrate to a purely carbohydrate nature 
(Stickland, 1956a). 

The data of Stickland (1956a) show that the 
quantity of intracellular polysaccharide broken 
down in an experiment such as that recorded in 
Table 7 would be in the controls nil, and in the 
presence of DNP at 3 x 10-*M, aerobically 0-1 mg. 
and anaerobically 0-03 mg. (These quantities were 
not determined on the same specimen of yeast, but 
were constant in a number of other samples.) The 
endogenous metabolism is thus appreciable, but not 
large enough to disturb the following conclusions. 


Table 4. Effect of inhibitors on the catabolism of glucose by baker’s yeast, and on the Pasteur quotient 
derived from measurements of catabolism 


Inhibition 
Elevation of Inhibition 
Conen. : of P.Q. respiration of Pasteur 
Inhibitor (m) Qo, 283; Qk, Ooi co QGiicose P.Q. (%) (%) effect 

Sodium azide 0 — 62 2 92 -ll — 46 0-24 - , : 
5x 10-5 —45 27 125 -21 — 63 0-33 12 27 - 
10-4 -29 88 149 —49 —75 0-65 54 53 - 
0 —68 6 118 -14 — 59 0-24 “ 4 : 
10-4 — 20 135 163 -71 — 82 0-86 82 71 - 
2x10-* -9 158 160 —80 —80 1-00 100 87 ~ 
0 — 66 -l 79 -ll —40 0:27 i ‘ F 
10-3 -5 98 96 — 50 —48 1-04 106 92 - 

KCN 0 -—70 0 120 -—12 — 60 0-20 : 
10-+ — 62 16 (120)* -18 (-60)* 0-30 13 12 - 
3 x 10-6 -27 19 (120)* -14 (-60)* 0-23 4 61 - 
10-5 -10 58 (120)* -31 (-60)* 0-52 40 86 - 
3 x 10-5 0 93 (120)* -47 (-60)* 0-78 73 100 ‘a 
10-4 0 125 (120)* -63 (-60)* 1-05 106 100 - 
3x 10-4 0 132 (120)* -66 (-60)* 1-10 112 100 - 

Decreased O, 760 ae 0 103 -13 — 52 0-25 > , 
tension (air 80 -—75 0 103 -13 — 52 0-25 0 0 - 
pressure, 25 —47 40 103 — 28 —52 0-54 39 37 - 
mm. Hg) 8 —22 83 103 — 45 —52 0-86 81 71 - 
Phenylurea 0 — 55 4 86 -l1l —43 0-26 . ‘4 7 
: 10-2 -37 18 72 -15 -36 0-42 22 33 - 
3 x 10-2 -3 46 43 — 23 —22 1-04 105 95 - 
Urethane 0 — 64 0 90 -ll —45 0-24 ‘ - P 
3x 10-1 —42 5 40 -12 — 20 0-60 47 34 - 
1 -2 14 15 -7 -8 0-88 84 97 - 
3 0 5 6 -3 -3 1-0 100 100 = 
Sodium 0 — 58 0 76 -10 —38 0-26 ° : . 
arsenate 3x 10-¢ — 39 5 63 -9 -— 32 0-28 3 33 ~ 
10-5 — 25 6 36 -7 -18 0-39 18 57 - 

0 — 62 -l 76 -10 -—38 0-26 3 ° 
2-5 x 10-5 -15 14 28 -10 -14 0-71 61 76 _ 
5x10-5 -13 10 24 -7 -12 0-58 43 79 - 
0 -—75 0 97 -13 -49 0-27 ; ‘ ; 
10-4 -15 15 27 -10 -14 0-71 60 80 _ 
3x 10-4 -12 15 28 -10 -14 0-71 60 84 ~ 
10-3 -1l1 19 27 -ll1 -—14 0-79 71 85 - 
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Table 4 (cont.) Inhibition 
Elevation of Inhibition 
Conen. of P.Q. respiration of Pasteur 
Inhibitor (M) Qo, $3, Bi. (Ottis Cth FA (%) (%) effect 
Sodium 0 -71 -1 94 -13 -47 0-28 ‘ P 4 
arsenite 10-4 — 29 13 53 -l1l —27 0-41 18 61 ~ 
10-3 — 26 12 49 -10 —25 0-40 17 65 - 
10-2 —14 0 5 -2 -3 0-7 60 81 - 
Sodium 0 —74 0 97 -12 —49 0-24 a J ; 
iodoacetate 10-4 — 84 0 65 -—14 — 33 0-42 24 —14 ? 
2-5 x 10-4 — 68 0 12 -l1l -6 2 200 8 ? 
5x 10-4 - 53 0 5 -9 -3 3 300 28 ? 
10-3 — 34 0 1 —6 -1 6 600 54 ? 
2:4-Dinitro- 0 — 63 -3 92 -l1 — 46 0-24 Y P 
phenol 3x10 - 81 4 100 -18 — 50 0-36 16 — 29 + 
10-3 — 104 37 117 — 55 —59 0-93 91 — 65 +++ 
3 x 10-3 — 63 66 66 — 50 — 33 1-51 170 0 +++ 
Propionitrile 0 — 64 5 108 -13 — 54 0-24 : , 
7-5 x 10-2 —61 80 108 — 50 — 54 0-93 91 5 ++ 
0 — 76 0 106 -13 — 5 0-25 ‘ i 
1-25 x 10-4 -79 59 90 —45 — 45 1-00 100 -4 ++ 
0 — 54 -2 93 -9 — 46 0-20 fs - 
2-7 x 10-1 — 54 83 103 -5l1 —52 0-98 98 0 oe es 
Ethyl 0 -57 2 88 -10 -44 0-23 . 
carbylamine 10-2 —47 67 84 —42 — 42 1-00 100 18 ++ 


The following substances were tested, at a range of concentrations causing partial inhibition of the respiration, and were 
found not to inhibit the Pasteur effect: sec.-amyl alcohol, n-butylurethane, n-butyronitrile, n- and iso-capronitrile, cresyl 
blue, methylene blue, 5-nonanone, 1-pentanol, 2-pentanone, phenylurethane, phenosafranine, n- and iso-valeronitrile. 

Calculations from the data of Warburg (19265) and Melnick (1941) on the effect of carbon monoxide on yeast metabolism 


show that this substance does not inhibit the Pasteur effect in yeast. 
Calculations from the data of Quastel & Wheatley (1932) and Runnstrém & Sperber (1938) show that cysteine, though 


inhibiting yeast respiration, does not inhibit the Pasteur effect. 
p-Nitrophenol (10-*m) and 4:6-dinitro-o-cresol (3 x 10-*m) behaved similarly to DNP, and acetonitrile (m) behaved 


similarly to propionitrile. 
* It was confirmed in other experiments (see, e.g., Table 6) that KCN has no effect on Q43,. 


Table 5. Effect of sodium azide on glucose utilization and polysaccharide synthesis 
poy. 


Experimental procedure as described in text. Glucose catabolized is calculated from manometric measurements 
of respiration and fermentation. Total glucose utilized is from direct chemical estimation. Initial glucose was 


4:0 mg./manometer vessel. 
Glucose (mg./manometer vessel) 








ys Zoe E 
Aerobic Anaerobic 
= ss ~ a A on + 
+NaN, + NaN, + NaN; +NaN, 
Control (10-4m) (10-*m) Control (10-4) (10-*m) 
(a) Glucose catabolized 
Oxidized 0-24 0-10 0-01 0 0 0 
Fermented 0-01 1-09 1-19 0-82 1-09 1-04 
Total 0-25 1-19 1-20 0-82 1-09 1-04 
P.Q. 0-31 1-09 1-15 -- — — 
(b) Total glucose utilized 0-78 1-59 1-23 1-44 1-68 1-25 
P.Q. 0-54 . 0-95 0-98 — — = 
(c) Glucose unaccounted for 0-53 0-40 0-03 0-62 0-59 0-21 
(d) Glucose found as polysaccharide 0°35 0-22 0 0-24 0-20 0-03 


Anaerobically DNP had no large inhibitory effect 
on the amount of glucose catabolized, but did 
decrease the total amount of glucose used, the 
difference appearing in a diminution of the amount 
of glucose not accounted for, and consequently in 


a great lowering of polysaccharide synthesis. 


Aerobically there was a marked increase in the 
glucose catabolism even to a higher level than the 


anaerobic (i.e. P.Q. 1-00), but the total glucose 
utilized was again not greatly affected, so that the 
chief change was the disappearance of the ‘glucose 
unaccounted for’ fraction, and, of course, of 
the polysaccharide synthesis. At the higher con- 
centrations an actual disappearance of poly- 
saccharide, even in the presence of glucose, can be 
observed. 
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Propionitrile. Propionitrile, the other typical 
inhibitor of the Pasteur effect, differs in its action in 
several ways from DNP. In Table 4 it can be seen 
that the value of the P.Q. was never raised signifi- 
cantly above 1-00 (this is true of many other 
experiments not reported in detail). In Table 8 the 
effect of propionitrile on glucose utilization and 
polysaccharide synthesis is shown. Propionitrile 
(in this example at 0-25m though more usually 
0-15mM was enough to produce the same effect) in- 
creased the amount of glucose catabolized aerobic- 
ally nearly fourfold, almost to the anaerobic level, 
but increased the total amount of glucose used only 
by about 30 %. This resulted in a smaller increase in 
the P.Q., when this was expressed in terms of the 
total glucose utilized, and also in a smaller amount 
of glucose unaccounted for, although the rate of 
polysaccharide synthesis remained almost un- 
affected by propionitrile. 

In a single experiment with ethyl carbylamine 
(10-2m) the same results were observed, the P.Q. 
being raised from 0-22 to 0-96, although the rate of 
polysaccharide synthesis, both aerobic and an- 
aerobic, was unaffected. 
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Urethane. Urethane may be taken as typical of that 
majority of substances listed in Table 4, which are 
known to be narcotics, and which inhibit respiration 
and fermentation to approximately the same degree, 
and which increase the P.Q. only in proportion to 
the inhibition of the respiration. They donot increase 
the value of Q 83 cose, OF do so only slightly, but cause 
an increase in P.Q. by decreasing the value of Q 2 cose 

Table 9 shows that, at 0-3M, a concentration 
sufficient to inhibit respiration and fermentation 
partially, the whole metabolism, including polysac- 
charide synthesis, proceeded normally but at a 
diminished rate; at 0-9m, at which concentration 
respiration and fermentation were almost abolished, 
little glucose was unaccounted for and no polysac- 
charide was formed. 

Sodium arsenate. The peculiar features of the 
action of sodium arsenate (Table 4) were that it 
inhibited both respiration and fermentation by 
some 70 % at low concentrations (2-5 x 10->o), and 
that this inhibition was scarcely increased by in- 
creasing the concentration up to 10-*M, i.e. there 
was a residuum of both respiration and fermentation 
which was arsenate-stable. 


Table 8. Effect of propionitrile on glucose utilization and polysaccharide synthesis 


Details are as given in Table 5. PN =propionitrile. 


Glucose (mg./manometer vessel) 








Aerobie Anaerobic 
o . + r : 
+PN +PN 
(a) Glucose catabolized Control (0-25) Control (0-25) 
Oxidized 0-29 0-30 0 0 
Fermented 0-00 0-66 1-19 1-01 
Total 0-29 0-96 1-19 1-01 
P.Q. 0-24 0-95 _ — 
(b) Total glucose utilized 0-98 1-27 1-84 1-60 
P.@. 0-53 0-79 — — 
(c) Glucose unaccounted for 0-69 0-31 0-65 0-59 
(d) Glucose found as polysaccharide 0-38 0-30 0-41 0-30 





Table 9. Effect of urethane on glucose utilization and polysaccharide synthesis 


Details are as given in Table 5. 


Glucose (mg./manometer vessel) 





cH 


+ 








Aerobic Anaerobic 
_ f ay e ee : Y 
+Urethane + Urethane = Urethane + Urethane 
(a) Glucose catabolized Control (0-3) (0-9) Control (0-3m) (0-9) 
Oxidized 0-24 0-16 0-04 0 0 0 
Fermented 0-00 0-06 0-20 1-01 0-45 0-08 
Total 0-24 0-22 0-24 1-01 0-45 0-08 
P.Q. 0-24 0-49 3 — Le a 
(b) Total glucose utilized 0-97 0-74 0-19 1-70 1-03 0-17 
PC. 0-57 0-72 1] — _- — 
(c) Glucose unaccounted for 0-73 0-52 0 0-69 0-58 0-09 
(d) Glucose found as polysaccharide 0-52 0-28 0 0-30 0-16 0 





Table 10. Effect of sodium arsenate on glucose utilization and polysaccharide synthesis 
Details are as given in Table 5. 


Glucose (mg./manometer vessel) 








a ~~ 
Aerobic Anaerobic 
na a 7 c A a 
+AsO03- + AsO3?- + AsO3- +As03- 


Control (3x10-5m) (3x 10-4m) Control (3x 10-5m) (3 x 10-*m) 
(a) Glucose catabolized 


Oxidized 0-29 0-09 0-06 0 0 0 
Fermented 0-00 0-23 0-22 1-19 0-60 0-58 
Total 0-29 0-32 0-28 1-19 0-60 0-55 
P.Q. 0-24 0-60 0-47 = = = 
(6) Total glucose utilized 0-98 0-45 0-43 1-84 0-80 0-73 
P.Q. 0-53 0-62 0-54 —_— — — 
(c) Glucose unaccounted for 0-69 0-13 0-15 0-65 0-20 0-20 
(d) Glucose found as polysaccharide 0-38 0-05 0-01 0-41 0-04 0-03 


Table 11. Effect of sodium arsenite on glucose utilization and polysaccharide synthesis 
Details are as given in Table 5. The reducing action of the arsenite on the ferricyanide used in the glucose estimations 
was allowed for by carrying out the necessary control determinations. 


Glucose (mg./manometer vessel) 





Aerobic Anaerobic 
oF ~ E——————EEE=Ss — eo 
+ AsO3 + AsO3” + As03- + AsO3 
Control (10-4m) (10-3) Control (10-4) (10-3) 
(a) Glucose catabolized 
Oxidized 0-28 0-11 0-10 0 0 0 
Fermented 0-00 0-14 0-13 1-05 0-59 0-55 
Total 0-28 0-25 0-28 1-05 0-59 0-55 
P.Q. 0-27 0-42 0-42 -- -— — 
(6) Total glucose utilized 0-79 0-87 0-64 1-67 1-23 1-05 
P.Q. 0-47 0-71 0-57 — — -- 
(c) Glucose unaccounted for 0-51 0-62 0-41 0-62 0-64 0-50 
(d) Glucose found as polysaccharide 0-31 0-22 0-19 0-22 0-24 0-15 


Table 12. Effect of sodium iodoacetate on glucose utilization and polysaccharide synthesis 
Details are as given in Table 5. [Ac =iodoacetate. 


Glucose (mg./manometer vessel) 


= = ~ 
Aerobic Anaerobic 


( or, oo ‘Y 
+IAc +TAe +TAe +TAe 
Control (2-5 x 10-4m) (5 x 10-4M) Control (2-5 x 10-4m) (5 x 10-*m) 
(a) Glucose catabolized 


Oxidized 0-24 0-22 0-20 0 0 0 
Fermented 0-00 0-04 0-03 1-07 0-07 0-03 
Total 0-24 0-26 0-23 1-07 0-07 0-03 

P.Q. 0-22 4 8 2 : 
(b) Total glucose utilized 0-76 0-68 0-33 1-50 0-21 0-07 
P.Q. 0-50 3 5 = = — 
(c) Glucose unaccounted for 0-52 0-42 0-10 0-43 0-14 0-04 


(d) Glucose found as polysaccharide 0-34 0-26 0-05 0-24 0 0 
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Table 13. Fate of the glucose utilized by yeast under aerobic and anaerobic conditions 


All the figures are in terms of Qgincose- 


Oz 
Glucose 
— 36 
Catabolized Anabolized 
(oxidized) 
ll 25 


Polysaccharide 
16 9 


In Table 10 it can be seen that aerobically, 
though catabolism was unaffected by arsenate 
(oxidation being partly replaced by fermentation), 
total glucose utilization was inhibited, with the 
result that much less glucose was unaccounted for, 
and polysaccharide synthesis was almost suppressed. 
This was true of two arsenate concentrations, 
differing tenfold, and similar results were obtained 
in other experiments at 10-> and 10-4M. 

Sodium arsenite. The effects of arsenite on the rate 
of catabolism of glucose, and on the value of the 
P.Q. derived from them, were very similar to those 
of arsenate (Table 4). This inhibitor differed, 
however, in causing less inhibition of the total 
utilization of glucose, and leaving the polysac- 
charide synthesis at a much higher level, both 
aerobically and anaerobically (Table 11). 
todoacetate. Sodium iodoacetate is the 
only substance known which at a carefully chosen 
concentration (usually 2-5 x 10-4m, but with some 
specimens of yeast slightly more or less) causes no 
inhibition of respiration and almost complete in- 
hibition of the fermentation (Lundsgaard, 1930). 

Its effect on glucose utilization (Table 12) was, 
aerobically, to decrease the rate, so that the gap 
between glucose used and glucose catabolized was 
narrowed; of the glucose left unaccounted for the 
same proportion, though a greatly diminished 
amount, was synthesized to polysaccharide. An- 
aerobically, catabolism and polysaccharide syn- 
thesis were equally eliminated by iodoacetate. 


Sodium 


DISCUSSION 


The extent of the Pasteur effect in yeast has 
previously been considered only from the point of 
view of the amount of glucose catabolized (see 
Dickens, 1951), and values of the P.Q. varying from 
0-2 to 0-4, according to the concentration of glucose 
employed, may be calculated from the data of 
Meyerhof (1925), Lundsgaard (1930) and many other 
authors for catabolism by baker’s yeast. The same 
two authors also give figures showing the total 
amount of glucose used by the yeast, from which 
may be calculated values of the P.Q. from 0-5 to 0-6, 
as found in the present paper. 


33 


Not accounted for 


Q , | 
— 69 
Catabolized Anabolized 
(fermented) 
45 24 


I : . 
Polysaccharide Not accounted for 
12 12 


The distribution of the glucose used, between 
catabolism and synthesis into cell material, in air 
and in nitrogen, is shown in Table 13. It is plain 
that almost the same rate of synthesis, chiefly into 
polysaccharide, is found aerobically and anaerobic- 
ally, and the effect of oxygen is restricted to limiting 
the amount of glucose broken down. 


Mechanism of the Pasteur effect 


It is not enough therefore to account for the 
Pasteur effect by a reversible partial inactivation by 
oxygen of hexokinase (ef. Colowick & Price, 1945), 
as the effect of oxygen is not only to diminish the 
rate of formation of glucose 6-phosphate, but also, 
more markedly, to change the subsequent reactions 
it undergoes. 

The only hypothesis so far propounded which 
could account for these facts is that of Engelhardt & 
Sakov (1943) which suggests a complete reversible 
inhibition by oxygen of some stage between glucose 
6-phosphate and triose phosphate, so that the 
glucose 6-phosphate would be forced into the path 
of the Warburg—Dickens oxidation route. The rates 
would be automatically fixed by the concentration 
of the enzymes catalysing the Warburg—Dickens 
reactions, the rate of oxidation directly, and the 
rate of attack on glucose by the amount of adenosine 
triphosphate rendered available by the oxidation. 

It is not easy on such lines to account for the 
effect of increasing glucose concentration (Fig. 2). 
If oxygen were acting by inhibiting completely the 
fermentative route of glucose breakdown, then 
glucose must at higher concentrations counteract 
this inhibition. No mechanism for such an effect 
suggests itself. 


Endogenous metabolism 

The endogenous metabolism of the baker’s yeast 
used in these experiments was negligibly small 
(Stickland, 1956a), the average of a number of 
specimens being Q 3, = 0, Qo, = — 5. The specimens 
used for these measurements were only in part the 
same specimens as those used in the present paper, 
but this yeast showed a great uniformity of be- 
haviour, and the average of one set of specimens 
may be legitimately compared with the average of 
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another set. The evidence of inhibition by potassium 
cyanide suggests that glucose suppresses the endo- 
genous respiration, but other evidence suggests that 
it does not (Stickland, 1956a@). For the purposes of 
the arguments about the Pasteur effect presented 
here, the endogenous metabolism may be safely 
ignored. 


Definition of inhibition of the Pasteur effect 


Although the term Pasteur effect is completely 
defined by any one of the normally current defini- 
tions, the expression inhibition of the Pasteur 
effect, when one is thinking in terms of the action of 
oxygen in diminishing the rate of attack on glucose, 
is not so easy to define. In the present paper it has 
so far been described only as an increase in the 
Pasteur quotient not accompanied by an inhibition 
of the respiration. However, it is clear now that 
equality of Q Qfrcose ANd Q Barco, together with an 
undiminished Qo, , are not enough to constitute an 
inhibition of the Pasteur effect ; it must be stipulated 
that the Q8icose Shall be increased towards the 
anaerobic level, not the QBi,.o brought down to 
the aerobic level. Hence the definition must 
include a term excluding cases in which the fermen- 
tation is powerfully inhibited, as found with sodium 
iodoacetate. 


Inhibition of the Pasteur effect in yeast 


The Pasteur effect in mammalian tissues has been 
shown to be inhibited by a very wide range of sub- 
stances (see Dickens, 1951). In yeast the greater 
number of these have no action, and the only two 
classes of substances having such an effect are (1) 
nitrophenols, and (2) some nitriles and ethyl iso- 
nitrile. 

The nitrophenols (exemplified by DNP) increase 
the P.Q. to values well above unity (up to 1-8), i.e. 
more glucose is broken down aerobically than 
anaerobically. On the other hand, the total rate of 
utilization of glucose aerobically never exceeds 
that observed anaerobically. This difference is due 
to the fact that aerobically the whole of the glucose 
that disappears can be accounted for by fermenta- 
tion and respiration, and no synthetic reactions 
remain (ef. Clifton, 1937), whilst anaerobically a 
considerable part of the glucose used cannot be so 
accounted for (from one-third to one-half as much 
as in the control in several experiments), though 
even anaerobically polysaccharide synthesis is 
almost completely abolished by 3x 10-°m DNP. 
The chief effect of DNP is therefore not to increase 
the amount of glucose attacked, but to direct it 
from synthetic pathways into catabolism (ef. 
Pickett & Clifton, 1941). It is clear then that 
enough adenosine triphosphate must be made 
available, even in the presence of DNP, to maintain 
the rate of attack on glucose at the same level as in 
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the absence of DNP; any ‘uncoupling’ of phos- 
phorylation must apply only tc that part of the 
adenosine triphosphate required for synthetic 
processes. 

The nitriles (exemplified by propionitrile) behave 


quite differently. The P.Q. in a large number of 


experiments has never been observed to exceed 
unity, and the increase in catabolism of glucose is 
paralleled by an increase in total glucose utilization, 
the polysaccharide synthesis being unaffected. 

Of the other respiratory inhibitors tested, potas- 
sium cyanide is the simplest in action, as it causes 
oxidation of glucose merely to be replaced by 
fermentation and leaves the synthetic processes, 
including polysaccharide synthesis, untouched; 
sodium azide shows the same behaviour at 10-‘m, 
but at 10-°m the synthetic reactions also are 
inhibited. 

Iodoacetate has the reverse effect, eliminating the 
anaerobic processes and leaving the aerobic almost 
unaffected (at 2-5x10-4m in the example given, 
Table 12), including polysaccharide synthesis. 

Glucose itself may be said at very high concentra- 
tions to inhibit the Pasteur effect partially. This 
effect, as with propionitrile, is brought about by 
causing the appearance of some aerobic fermenta- 
tion, and does not involve any interference with 
synthetic reactions. 


SUMMARY 


1. For the quantitative expression of that aspect 
of the Pasteur effect which consists of a lowering by 
oxygen of the rate of glucose utilization, the term 
Pasteur quotient (P.Q.) is proposed: 


P.Q. = Q | . 


2. The value of P.Q. in baker’s yeast at medium 
glucose concentrations is 0-2—0-25, when expressed 
in terms of glucose catabolized, and 0-5—0-6 in terms 
of total glucose utilized. 

3. At high glucose concentrations the P.Q. rises 
from 0-2 to 0-4, through the appearance of aerobic 
fermentation. 

4. The rates of glucose breakdown and polysac- 
charide synthesis, aerobically and anaerobically, are 
reported. 

5. Of the many substances which inhibit the 
Pasteur effect in some mammalian cells, only two 
classes also inhibit it in yeast: (i) nitrophenols, and 
(ii) lower aliphatic nitriles and isonitriles. 

6. The action of these two groups of substances 
differ in the following respects: (a) 2:4-Dinitro- 
phenol (DNP) increases the amount of glucose 
catabolized aerobically above that catabolized 
anaerobically, i.e. P.Q.>1-0; propionitrile never 
increases the P.Q. above 1-0. (b) DNP entirely 
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inhibits polysaccharide synthesis aerobically, pro- 
pionitrile does not. 


7. The bearing of these results on the mechanism 
of the Pasteur effect is discussed. 
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Lynen (1941) and Lynen & Koenigsberger (1951) 
have related the Pasteur effect to phosphorylation 
processes, attributing the lowered rate of attack on 
glucose in oxygen to the lowered level of inorganic 
phosphate which results from the greater aerobic 
rate of phosphorylation, and which limits the rate of 
oxidation of triose phosphate. 

In the preceding paper (Stickland, 1956) the 
action of selected inhibitors on the carbohydrate 
metabolism of yeast, and especially on the Pasteur 
effect, was studied. The present paper studies more 
exactly the processes of phosphorylation and de- 
phosphorylation as they appear in one brand of 
baker’s yeast, and the effect of the same inhibitors 
on these processes. 


MATERIALS AND METHODS - 


Yeast. The same brand of commercial pressed baker’s 
yeast was used as in the previous paper (Stickland, 1956). 

Measurement of the rate of phosphorylation. Baker’s yeast 
as bought contains about 4 mg./g. dry wt. of P extractable 
by trichloroacetic acid solution, of which about one-half 
is present as inorganic orthophosphate. When glucose is 
added, the total extractable P remains constant, and the 
inorganic P level falls (Macfarlane, 1936). This fall is rapid, 
and more rapid under aerobic than under anaerobic condi- 
tions (Lynen, 1941). With the yeast used in the present 
experiments, the fall in inorganic P aerobically had reached 


its maximum in about 2 min., and was not linear even for 
10 sec. To cope with this rapidity of reaction, and with the 
fact that aeration by bubbling O, through the solutions was 
excluded because volatile inhibitors were to be used, the 
following methods were employed. 

(a) Aerobic rate. Into each of a series of 4 in. x 0-5 in. 
Pyrex test tubes were measured 2-0 ml. of a 15% suspension 
of yeast (about 80 mg. dry wt.) and 0-5 ml. of 0-1m amino- 
trishydroxymethylmethane, pH 6-5. These mixtures were 
allowed to stand at room temperature for about 30 min. 
A volume (0-5 ml.) of 0-8% glucose solution was added 
rapidly, and the tube immediately closed by a thumb and 
shaken violently for the necessary time. Shaking was 
stopped 1 sec. before the period was finished, and at the 
proper time 2-0 ml. of 10% trichloroacetic acid solution was 
run in from a burette. Enough O, would be present in 
solution to keep the respiration going for several seconds. 
The time of the experiment was taken as that between the 
commencement of the shaking and the first entry of the 
trichloroacetic acid, and this interval could be measured 
with an error of probably 1 or 2 sec. For the control un- 
inhibited rates, duplicate tubes were usually taken at 0, 5, 
10, 15 and 20 sec.; the intervals were lengthened when the 
phosphorylation was inhibited. 

Inhibitors, when present, were added, dissolved at the 
appropriate concentration in 0-5 ml. of tris. The concentra- 
tion given is that present in the final mixture, after the 
addition of the glucose solution. The yeast was therefore 
exposed to a concentration of inhibitor 1-2 times that stated 
for periods not less than 15 min. and not greater than 
60 min. before the addition of the glucose. 
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(6) Anaerobic rate. The same quantities of yeast and 
solutions were used. Purified N, was bubbled in a vigorous 
stream from a glass capillary through the mixture for 
15 sec. before the addition of the glucose, and then for a 
further 30 sec. At this point, if the experiment was going to 
be of longer duration than 30 sec., the capillary was slowly 
withdrawn and a cork inserted in the tube; no appreciable 
quantity of O, could then reach the yeast. After the 
necessary period of incubation at room temperature, tri- 
chloroacetic acid was run in as before. A fresh capillary 
was used for each tube. No satisfactory way of measuring 
the effect of volatile inhibitors (e.g. KCN, propionitrile) on 
the anaerobic processes has been devised, but such data are 
not vital to the argument and are omitted. 

All the tubes, aerobic and anaerobic, were then left at 
room temperature for about 1 hr. It was found that the 
amount of total P extracted from the yeast under these 
conditions remained constant from 30 to 120 min. after the 
addition of the trichloroacetic acid but increased if the 
mixture was left overnight. The acidified mixtures were, in 
earlier experiments, cooled rapidly in ice and kept at 0° 
until the samples for the estimations were measured out, 
but it was found later that this precaution was unnecessary. 
The tubes were centrifuged and estimations of inorganic P 
carried out on 2 ml. samples of the supernatants by the 
method of Fiske & Subbarow (1925). In early experiments 
estimations of total P in each sample were also carried out, 
but these were found to be quite constant in any given 
experiment, and to vary only a little between one sample of 
yeast and another. 

The accuracy of these procedures is open to question on 
several grounds. First, there is no control of the temper- 
ature. All these experiments were done at room temper- 
+, Which was almost always 20°, and always lay between 





atu 
18° and 21°. All the solutions were, if necessary, brought to 
the prevailing room temperature before use. Shaking by 
hand was found to increase the temperature of the contents 
of the tube by about 1° in 1 min., and almost all the measure- 
ments of aerobic phosphorylation rates were completed 
within this time, most of them within 20sec. Aerobic 
samples requiring 2 min. or more shaking were shaken in a 
Towers-Gilson vibratory machine. Secondly, the timing of 
the shorter intervals is a source of inaccuracy, but the 
results obtained were perfectly consistent and reproducible, 
i.e. any errors of timing were constant errors, and com- 
parisons remain valid, even though the details of the course 
of the reaction may be slightly uncertain. 

To make a numerical comparison of the rates of phos- 
phorylation under different conditions is difficult, as the 
process was not linear even for 10 sec., and the measurement 
of shorter time intervals than 5 sec. was considered im- 
practicable. The only course possible was to take some 
arbitrary level of fall in inorganic P, and compare the times 
taken for this level to be reached under different cireum- 
stances. The level chosen was a decrease of 0-40 mg. of 
P/g. dry wt. of yeast, and this was reached aerobically in 
approximately 10 sec. and anaerobically in approximately 
80 sec. From the average rates over these intervals of time 
figures for Qp were evaluated ; for the aerobic rate (QP) this 
probably gives a minimal value. (Qp=yl. of inorganic P 
esterified/mg. dry wt./hr.) 

Determination of P by the Fiske & Subbarow (1925) 
method is interfered with by arsenate. In experiments in 
which arsenate was present, special P calibration curves 
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were prepared for the Spekker absorptiometer for each con- 
centration of arsenate used. 

Measurement of level of inorganic P in the steady state. 
Minimum values of the inorganic P were found to be 
reached in about 2 min. aerobically and 10 min. anaerobic- 
ally, and these low levels were maintained as long as some 
glucose remained unconsumed (see below). Hence, to 
measure steady-state concentrations under various condi- 
tions it was usually sufficient to make in each case two 
measurements, aerobically after 2 and 4 min., and anaerobic- 
ally after 10 and 20 min.; if these two values were identical, 
or nearly so, they were taken as steady-state concentrations. 

The yeast and tris or inhibitor solution were treated 
exactly as in the preceding section, except that a higher 
glucose concentration had to be used (0-5 ml. of 10%) to 
ensure that glucose should still be present after 20 min. of 
anaerobic action. The tubes containing the aerobic samples 
were closed with rubber stoppers and shaken for the 
requisite time on a Towers-Gilson shaking machine. The O, 
present in the air space in these tubes (about 3 ml. of air) 
would be enough to maintain the respiration of the yeast 
for about 5 min. On the few occasions when longer aerobic 
treatment was required, this was carried out in 6in. x 0-75in. 
test tubes, shaken on the same machine; the O, here was 
adequate for 1 hr. or more. 

Measurement of the rate of dephosphorylation. The steady 
level of inorganic P set up in respiring or fermenting yeast is 
the result of opposing esterifying and hydrolysing reactions. 
It would be of interest to measure directly the rate of the 
latter processes, and this could be done only by inhibiting 
completely both respiration and fermentation. In the 
preceding paper (Stickland, 1956) it was shown that few 
poisons are capable of doing this, and the only one found 
suitable was urethane at a concentration of 0-5-1-0M. 

A number of tubes (4 in. x 0-5 in.) was set up with 2-0 ml. 
of 15% yeast suspension and 0-5 ml. of 0-1 tris, and 
0-5 ml. of 20% (w/v) glucose was added to each; these were 
left undisturbed, but without passing N,, so that the con- 
ditions were almost, but not strictly, anaerobic. After 
20 min. had been allowed for the esterification to become 
maximal, 0-5 ml. of 6M urethane was added, to one tube at 
a time, and the solutions were mixed immediately by a 
rapid stream of purified N,, or else by shaking in air. The 
samples were then treated with 2-0 ml. of 10% trichloro- 
acetic acid solution after 10 sec., 20 sec., and so on, both 
aerobically and anaerobically. Every sixth tube was treated 
first with trichloroacetic acid and later with urethane, and 
results from these served as a base-line from which to 
measure the degree of de-esterification. All the tubes were 
left at room temperature for about 1 hr., centrifuged, and 
the inorganic P determined in 2-0 ml. of the supernatant. 


RESULTS 
Phosphorylation in normal yeast 
The baker’s yeast used in the experiments to be 
described had a total P content of about 10 mg. of 
P/g. dry wt., of which about 40 % was extractable by 
trichloroacetic acid. Of this acid-soluble P rather 
more than half was present as inorganic ortho- 
phosphate (the average of nine determinations gave 
3:28 mg. of total acid-soluble P/g. dry wt. (range 
2:98-4:10) of which 1-78 mg./g. dry wt. (range 
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1-50-2-14) was inorganic. This was decreased by 
esterification during respiration or fermentation to 
about one-quarter (some 0-5 mg./g. dry wt.), a 
greater decrease than was found by Macfarlane 
(1936), Mirski & Wertheimer (1939) or Lynen (1941). 

The course of these esterifications with normal 
yeast is shown in Fig. 1. Anaerobically phosphoryl- 
ation proceeded approximately linearly for about 
2min., then accelerated slightly before slowing 
down to give a constant low level of inorganic P 
after about 10 min. Aerobically, the disappearance 
of inorganic P was much quicker, began to slow 
down at once, and ceased after about 2 min., when 
the level was about four-fifths of that found an- 
aerobically. These figures differ quantitatively from 
those found in the yeast employed by Lynen & 
Koenigsberger (1951), chiefly in showing a more 
rapid and greater uptake of inorganic P. 
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Fig. 1. Changes in level of inorganic phosphate in yeast 
after the addition of glucose, anaerobically and aerobic- 
ally. Inset, the initial stages. (, In N,; A, in air. 


Inorganic P content of yeast (mg./g. dry wt.) 





Time (min.) 
Fig. 2. Changes in the inorganic phosphate content of yeast 
after the addition of glucose at different initial concentra- 





tions. x — x ,0-2 % glucose in air; x - - - x , 0-2% glucose 
in N,; O—O, 1:0% glucose in air; O---0, 10% 
glucose in N, ; A—A, 5:0% glucose in air; A- - -A, 5-0% 


glucose in Ng. 
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The values of Q, in the example shown in Fig. I, 
derived from the time taken for 0-4 mg. of inorganic 
P/g. dry wt. to be esterified, were Q??= — 104 and 
Q}:=—11. The averages of a large number of 
control experiments were Q??= — 126 (range — 82 
to —190) and Q3:= —18 (range — 11 to — 24). 

The levels of inorganic P reached in the steady 
states of respiration and fermentation averaged, 
respectively, 0-45 and 0-55 mg. of P/g. dry wt. of 
yeast. The average ratio therefore, of steady values, 
aerobically and anaerobically, was 0-82, the indi- 
vidual values in seven experiments being 0-94, 0-75, 
0-94, 1-00, 0-53, 0-70 and 0-90. 

Effect of varying glucose concentration on phos- 
phorylation. Fig. 2 shows the course of phosphoryl- 
ation in air and N, at three glucose concentrations: 
0-2, 1 and 5%. The last two showed little difference 
either in initial rate or in final level reached, either 
aerobically or anaerobically. At 0-2 % of glucose in 
N, after 5 min. the glucose concentration plainly 
began to fall below the optimum, and there followed 
a progressive increase of the inorganic P concentra- 
tion until almost complete hydrolysis of the esters 
had occurred. The aerobic events are not so easily 
explained, as the glucose should have lasted twice 
as long, and there is no obvious reason why the level 
of P should not have fallen as low at the lowest as at 
the highest glucose concentrations. 

Dephosphorylation. The rate of liberation of 
inorganic P after the esterifying systems had been 
poisoned by urethane was of a similar order of 
magnitude to the rates of esterification namely, 
Qp= +30. Fig. 3 shows the whole course of the 
hydrolysis (including the previous course of the 





Inorganic P content of yeast (mg./g. dry wt.) 


20 40 60 
Time (min.) 


Fig. 3. Changes in inorganic phosphate content of yeast 
after the addition of 0-5m urethane to fermenting (or 
respiring) yeast. The course of de-esterification is plotted 
as if all the measurements were carried out after 20 min. 
fermentation (or respiration); actually they were done 
seriatim between 20 min. and 60 min. after the addition 
of the glucose to the yeast (at zero time). 0, In N,; 

A, in air. A, course of esterification; B, course of de- 

esterification. 
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ester formation for comparison of rates and amount) ; 
in this example Q$ = + 25 and Q3:= + 22. There is 
plainly no significant difference of rate of hydrolysis 
between aerobic and anaerobic conditions; the 
slightly greater aerobic rate always observed is 
almost certainly due to a systematic error of timing. 

There is no reason to assume that the esters 
formed in yeast respiring in glucose are the same as 
those formed in fermenting yeast, and therefore no 
reason to expect to find the same rate of hydrolysis 
on the addition of urethane to samples of yeast in 
which the esters have been formed aerobically or 
anaerobically. A similar experiment was carried 
out therefore in which the esterification was allowed 
to proceed, not under the routine conditions of 
almost complete anaerobiosis, but, in two parallel 
sets of tubes, under strictly aerobic and strictly 
anaerobic conditions respectively. With each set 
of tubes, containing yeast with a maximum content 
of esters formed either aerobically or anaero- 
bically, a de-esterification curve was obtained, both 
in air and in N,. No significant difference was 
observed between any of the four curves (esters 
resulting from respiration in glucose, Q??= + 29, 
Q3:= +26; esters resulting from fermentation of 


glucose, Q?:= +29, Q3:= + 26). 


Effect of inhibitors on phosphorylation 


Sodium azide. Table 1 shows the effect of sodium 
azide on the rates of phosphorylation. Aerobic 


Table 1. 





Conen. 
of NaN, Inhibition : 
(mM) QP (%) QE 
0 —95 _ — 20 
3 x 10-5 — 69 31 — 
10-4 -—30 69 — 
3 x 10-4 — 2% 77 “= 
10-3 —14 85 — 
0 —138 — — 24 
10-4 — 69 50 —22 
10-3 —25 82 —22 
Table 2. 
Conen. 
of KCN Inhibition 
(m) QP (%) 
0 -113 -- 
3 x 10-6 -113 0 
10-5 —89 21 
3 x 10-5 — 52 54 
10-4 — 26 77 
3x 10-4 -—14 88 
10-3 -9 92 
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phosphorylation was inhibited, and at each concen- 
tration roughly to the same degree as the respiration 
(Stickland, 1956), being decreased to about the 
anaerobic rate at 10-°m. Anaerobic phosphoryla- 
tion was scarcely affected. Aerobically, at the 
lower concentrations the minimum steady value for 
inorganic P was merely brought up to the anaerobic 
level, but at 10-°m the anaerobic level was itself 
inexplicably increased very much, with the result 
that approximately the same ratio of aerobic to 
anaerobic values was maintained. 

Potassium cyanide. Table 2 shows that the rate 
of aerobic phosphorylation was reduced to the 
anaerobic value by 10-*mM-KCN, and appreciably 
inhibited by lower concentrations, though the 
extent of inhibition was always less than that of the 
respiration at the same concentration (Stickland, 
1956). Only the very highest concentration of KCN 
(10-*m) was enough to affect appreciably the steady 
level of inorganic P reached. 

2:4-Dinitrophenol. Table 3 shows that those con- 
centrations of 2:4-dinitrophenol (DNP) which are 
effective in modifying the carbohydrate metabolism 
of yeast and inhibiting the Pasteur effect, inhibit the 
aerobic phosphorylation but not the anaerobic. 
The minimum steady value of inorganic P reached 
aerobically is, as would be expected, considerably 
raised ; less expected is the equally marked increase 
in the anaerobic level, in spite of the absence of 
inhibition of the initial rate of esterification. 


Effect of sodium azide on aerobic and anaerobic phosphorylation 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 
A 





Minimum steady value reached 








Inhibition Resting eS 
(%) value In air In N, 
a 2-07 0-45 0-50 

— 2-07 0-50 —- 

— 2-07 0-79 _ 
2-15 0-40 0-59 

8 2-15 0-62 0-74 

8 2-15 0-98 1-24 


Effect of potassium cyanide on aerobic phosphorylation 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 











a 
Minimum steady value reached 
Resting —— Kase —~ 
value In air In N, 
1-96 0-45 0-48 
1-96 0-48 — 
1-96 0-50 — 
1-96 0-55 — 
1-96 0-52 — 
1-96 0-52 ~~ 
1-96 0-67 _- 
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Table 3. Effect of 2:4-dinitrophenol (DNP) on aerobic and anaerobic phosphorylation 
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Conen. 
of DNP Inhibition 

(m) QP (%) Qe 
0 — 124 — -18 
3x 10-4 —44 64 — 
10-3 —34 72 -17 
3 x 10-3 — 22 82 _— 
0 —89 — -14 
10-3 -19 7 -13 
3 x 107% -16 82 -12 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 
A 








c \ 
Minimum steady value reached 
Inhibition Resting — ——_—__—_—_ 
(%) value In air In N, 
— 1-91 0-52 0-55 
3 1-91 0-88 = 
— 1-91 1-10 _- 
— 2-10 0-43 0-50 
7 2-10 1-00 1-33 
11 2-10 1-33 1-50 


Table 4. Effect of propionitrile on aerobic phosphorylation 


Conen. of 


propionitrile Inhibition 
(a) QP? (% QP 
0 —124 — 
0-1 — 138 0 
0-15 -113 9 
0-2 -113 9 
0 —99 — 
0-25 —99 0 
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Fig. 4. Absence of inhibition of aerobic phosphorylation in 
yeast by propionitrile. Control in air; A, 
+0-1m propionitrile in air; 0, +0-15m propionitrile in 
air; 7, +0-2M propionitrile in air; A, +3 x 10-*m DNP 
-- x, control in N,. 


x—x, 


in air; 


Propionitrile. The effect of propionitrile, at con- 
centrations similar to those required to inhibit the 
Pasteur effect (Stickland, 1956), on the aerobic 
phosphorylation process is shown in Table 4. No 
significant inhibition was observed, and no great 
change in the steady minimum value found during 
respiration. These results are of such importance to 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 





Minimum steady value reached 





Resting p= Es 
value In air In N, 
2-09 0-43 0-57 
2-09 0-50 _- 
2-09 0-45 os 
2-09 0-57 ae 
2-09 — — 


the argument that a typical set of curves, showing 
no inhibition by propionitrile, and a high degree of 
inhibition by DNP, is given in Fig. 4 to illustrate the 
amount of reliance that may be placed on the figures 
in the tables. 

In view of some experiments with sodium iodo- 
acetate (see below) in which a rapid initial phos- 
phorylation was followed by a much slower hydro- 
lysis of the esters, it was necessary to establish that 
the low inorganic P level in the yeast in the presence 
of propionitrile was maintained at least as long as 
the normal duration of the experiments in which the 
inhibition of the Pasteur effect had been measured, 
namely, l hr. (Stickland, 1956). Such tests were 
carried out, and it was found that the inorganic P 
continued very slowly to decrease up to | hr. after 
the addition of glucose. 

In‘a single experiment with each of two prepara- 
tions of ethyl carbylamine, at 3x 10-* and at 
10-2 respectively, no effect on the rate of phos- 
phorylation and no raising of the minimum inorganic 
P level were observed (e.g. control, Q??= — 155, 
Q*:=-—19; with 3x10-°m ethyl carbylamine, 
Q?:=—155. Resting inorganic P content was 
1-86 mg. of P/g. dry wt., falling to 9-38 in air, to 
0-43 in N,, and to 0-33 in air with 3 x 10-*m ethyl 
carbylamine). 

Urethane. Urethane inhibits roughly equally the 
aerobic phosphorylation (Table 5) and the respira- 
tion (Stickland, 1956). At concentrations above 
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about 0-5 all phosphorylation, in air or Ng, is 
completely suppressed, and the inorganic P content 
of the yeast actually increases slightly. Urethane 
at a concentration of, say, M is therefore a suitable 
agent for stopping the phosphorylations in order to 
observe the subsequent rate of hydrolysis of the 
esters, but it must first be shown that its action is 
immediate. This was done by carrying out parallel 
phosphorylation measurements, in one of which the 
reaction was started in the usual way by the addi- 
tion of 0-5 ml. of 1% glucose solution, in the other 
by the addition of the same solution containing also 
6M urethane. In the latter case no phosphorylation 
was observed, i.e. the inhibition was immediate. 
Sodium arsenate. Table 6 shows that arsenate, 
over the whole range of concentrations which 
inhibits partially both respiration and fermentation 
(Stickland, 1956), has no inhibitory effect on the 
phosphorylations, either aerobic or anaerobic, and 
allows the inorganic P level to reach the same low 
values as in its absence. The interference of arsenate 
in the colorimetric method used for P estimations 
renders these measurements slightly less accurate 
than most, but they have been repeated several 
times, and no greater inhibition than the value of 
19% given in Table 6 has been observed (the 





Table 5. 


Conen. of 
urethane er ; 
(M) QP (%) QP 
0 —191 20 
0-3 —59 69 -= 
1-5 0 100 — 
0 —124 — = 
0-75 0 100 0 
1-5 0 100 0 
i) — 108 — -21 
2-0 0 100 0 


Table 6. 


Conen. of 


arsenate Inhibition 

(M) P° (%) QF 
0 — 103 —- -15 
10-6 —95 8 — 
3 x 10-6 —98 5 — 
10-5 -89 13 — 
3x10°5 — 83 19 — 
10-4 —95 8 — 
3x 10-4 — 103 0 — 
10-3 -113 -—10 — 
0 — 130 — -13 
10-4 -177 — 36 -—14 
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average inhibition in fifteen measurements on six 
occasions at concentrations ranging from 10-* to 
10-*m was — 3%, ranging from 19% to — 36%). 

It was also confirmed in this “a that the low 
level of inorganic P was maintained for at least 1 hr., 
with an arsenate concentration of 10-4m, aerobic- 
ally and anaerobically, although both respiration 
and fermentation were reduced to about 20% of 
those of the control throughout this period (Stick- 
land, 1956). 

Sodium arsenite. Arsenite also caused no inhibi- 
tion of the phosphorylation, either aerobically or 
anaerobically, nor any increase in the minimum 
steady value of the inorganic P during respiration, 
except at an extremely high concentration (Table 7). 

Sodium iodoacetate. The effect of iodoacetate on 
the rates of phosphorylation was small, and rather 
more inhibitory anaerobically than aerobically (see 
Table 8). The steady minimum values of inorganic P 
showed a more striking difference, there being no 
effect aerobically, but anaerobically the initial fall 
in inorganic P, hardly inhibited in rate by iodo- 
acetate, was followed after a few minutes by a 
reversal of the esterification, the inorganic P 
returning in one experi.nent to its initial value after 
20 min. 


Effect of urethane on aerobic and anaerobic phosphorylation 


Inorganic P content of yeast 
(mg. of Pie. dry wt.) 





Minimum steady value reac shed 
Inhibition ee 





Resting ciecerl 

(% value In air In N, 
— 2-05 0-45 0-50 
= 2-05 0-95 — 
100 — — — 
100 — — — 
— 2-17 0-40 0-40 
100 2-17 2-3 23 


Effect of sodium arsenate on aerobic and anaerobic phosphorylation 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 








re 
Minimum steady value reached 
Inhibition Resting ——— 
(%) value In air In N, N 
1-88 0-62 0-62 
— 1-88 0-55 — 
— 1-88 0-55 —_ 
— 1-88 0-48 — 
— 1-76 0-31 0-38 
-11 1-76 0-31 0-24 


| 


TI 
th 
co. 
fir 


gh 
th: 








| 
|= 
: 


Vol. 64 


PHOSPHORYLATION AND DEPHOSPHORYLATION IN YEAST 


qn 
bo 
pay 


Table 7. Effect of sodium arsenite on aerobic and anaerobic phosphorylation 


Conen. of 


arsenite Inhibition 
(m) QP (% B 
—103 — -21 
10 4 -113 -10 -21 
10-3 —124 — 20 -21 
10-2 —124 —20 —21 

Table 8. 
Conen. of 

iodoacetate Inhibition 
(mM) QP (%) QP 
— 225 — ~ 34 
x 10-4 — 225 0 — 23 
— 155 —_— -19 
A 3 —138 ll -12 


* In 3 min. rising to 2-02 in 20 min. 


Effect of inhibitors on the rate of dephosphorylation 


The action of several substances on dephos- 
phorylation, at concentrations in the same range 
as were effective in inhibiting the phosphorylation 
process, was investigated. The experiments were 
earried out by incorporating the inhibitor in the 6m 
urethane solution which was used to suppress the 
phosphorylating processes, and thus enable the 
dephosphorylation te be observed ; the inhibitor was 
not therefore in contact with the yeast for some time 
before the beginning of the measurement, as was the 
practice in other types of experiment. No significant 
effect was observed with KCN, sodium azide, 
propionitrile, arsenate, or arsenite. The only sub- 
stance that had any positive effect was DNP, which 
was moderately inhibitory (at 3x 10-°m, 54 and 
64% inhibition; at 2 x 10-°m, 55% inhibition). It 
must be remembered that in these experiments the 
yeast was already treated with m urethane; only 
effects additional to any that urethane itself may 
have can be observed. 


DISCUSSION 
Phosphorylation 


The rates of phosphorylation in yeast measured in 
the present paper can obviously apply only to the 
conditions found in the first 10 sec. (aerobically) or 
first 2 min. (anaerobically) after the addition of 
glucose. It is known (Kruyk & Klingmiiller, 1939) 


that glucose disappearance during the first few 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 





Minimum steady value reached 
Inhibition . 


Resting —————— 

(%) value In air In N, 
— 1-62 0-31 0-45 
0 1-62 0-26 0-41 
0 1-62 0-32 0-38 
0 1-62 0-55 0-38 


Effect of sodium iodoacetate on aerobic and anaerobic phosphorylation 


Inorganic P content of yeast 
(mg. of P/g. dry wt.) 





Minimum steady value reached 





Inhibition Resting ———" 
(%) value In air In N, 
_ 2-02 0-36 0-57 
32 2-02 0-38 0-69* 
— 1-58 0-24 0-38 
37 1-58 0-24 0-747 


+ In 10 min. rising to 1-27 in 20 min. 


minutes anaerobically is extremely slow, and it is 
doubtful what relationships these phosphorylation 
measurements have to the rates of phosphorylation 
obtaining in the steady states of respiration and 
fermentation. 

These latter rates must necessarily be equal in the 
steady states to the rates of de-esterification, and 
that is why the attempt was made to measure these 
directly, by inhibiting the esterifying reactions with 
urethane, and observing the rates of hydrolysis 
of the esters. Unfortunately there is no way of 
determining what effect this reagent may be 
exerting on the rates that are measured. 

If the difference between aerobic and anaerobic 
rates which is observed in the initial phase were 
maintained into the stationary phase, as might 
reasonably be expected, then the de-esterification 
rates must differ in the same way. Experimentally 
this was not found, but it is impossible to say 
whether this indicates an equality of esterification 
rates in the two stationary phases, or merely an 
action of the urethane in slowing down the aerobic 
rate, or simply that the hydrolysis reactions that 
are followed are different from the hydrolyses 
taking place in the stationary phases in the un- 
inhibited yeast. 

In the discussion of the effects of inhibitors which 
follows it must be remembered that the rates are in 
all cases the rates of the initial processes, which are 
not necessarily the same processes as those found in 
the stationary phases. The only reliable information 
about the stationary phase is the stationary 
minimum level of inorganic phosphate set up. 








Inhibition of phosphorylation 


Ochoa & Stern (1952) have pointed out that the 
difference in level of inorganic phosphate in the 
steady states of respiration and fermentation in the 
experiments of Lynen & Koenigsberger (1951) is 
small, and cannot easily be imagined to be the sole 
cause of the different rates of glucose breakdown. In 
the experiments described here, the difference was 
even slighter (on the average the level was 20% 
higher anaerobically), and the aerobic level was 
unaffected by concentrations of propionitrile which 
completely inhibited the Pasteur effect. The auto- 
matic control of rates of glucose breakdown through 
the inorganic phosphate level therefore seems to be 
ruled out completely. 

The effects of some of the inhibitors on the rates 
of phosphorylation are puzzling, when they are 
compared, as they must be, with the effects of 
glucose breakdown and polysaccharide synthesis 
(Stickland, 1956). 

Sodium azide (10-4) affects respiration, polysac- 
charide synthesis and phosphorylation roughly 
equally, and has no effect anaerobically. At 10-°m 
the aerobic results are again consistent, but anaero- 
bically, in spite of the absence of effect on the initial 
rate of esterification of phosphate, the steady level 
of inorganic phosphate is greatly raised, and 
synthesis of polysaccharide is suppressed. 

Potassium cyanide at all concentrations up to 
10-*+m causes merely a change-over to the anaerobic 
type of metabolism, phosphorylation, glucose 
catabolism, and polysaccharide synthesis behaving 
as would be expected. 

The effect of DNP on aerobic phosphorylation in 
yeast was observed by Lynen & Koenigsberger 
(1951). In the present experiments with DNP at 
3x 10-3m, the aerobic results are quite consistent, 
phosphorylation being inhibited (although of 
course the respiration is not), the minimum steady 
value of inorganic phosphate is raised, and poly- 
saccharide synthesis is abolished. Anaerobically no 
inhibition of rate of phosphorylation was observed, 
and yet unexpectedly, as with 10-*m sodium azide, 
there was a raised steady inorganic phosphate level 
and complete inhibition of polysaccharide synthesis. 

Sodium arsenate behaved quite anomalously, for 
at all concentrations from 3x 10->m upwards a 
roughly constant inhibition of 80% of the respira- 
tion, and about 70% of the fermentation, was 
observed, although no effect on the rates of esterifi- 
cation of phosphate or on the final level of inorganic 
phosphate reached could be detected. At the same 
time the synthesis of polysaccharide was almost 
entirely eliminated. 

The results with iodoacetate are similar to those 
of Mirski & Wertheimer (1939), who also observed 
only a small initial inhibition of phosphorylation, 
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followed by a slower process of hydrolysis of the 
esters formed (their experiments were not strictly 
anaerobic, but were presumably almost so). This 
suggests a slow penetration of the cell by iodo- 
acetate, a penetration initiated by the addition of 
the glucose; for the yeast and the inhibitor solution 
were, in the present experiments, always left in 
contact for at least 30 min. before the reaction was 
started by the addition of glucose. 

In all these experiments, it must be remembered, 
the phosphorylation measurements were completed 
within at most 2 min. of the addition of the glucose, 
whereas glucose breakdown and glycogen synthesis 
were measured over | hr. (they were very nearly 
linear for that period). The yeast suspensions were in 
all cases left in contact with the inhibitor solution 
for 30 min. or longer before the addition of the 
glucose. There is no reason to postulate, nor any 
means of excluding, an increase in permeability to 
some poisons brought about by glucose, as appears 
to be true for iodoacetate. With one inhibitor at 
least (urethane, see above) the penetration of the 
cell was instantaneous. 

If the measurements of initial phosphorylation 
rate with, for example, arsenate were fallacious, 
owing to the poison not acting in the 20 sec. required 
for the measurement (which seems unlikely), one 
would expect some reversal of the esterification to 
follow when the inhibition began to take effect (and 
the manometric results show that the inhibition of 
respiration was effective within a few minutes at 
most), as was observed in the anaerobic experiments 
with iodoacetate. Aerobically with arsenate this did 
not occur; the steady minimum value of inorganic 
phosphate was even lower than in the control, and 
remained so for at least 1 hr. By contrast, urethane, 
at a concentration sufficient to give a comparable 
degree of inhibition of the respiration, brought about 
a value of the steady minimum inorganic phosphate 
level about twice that in the control. The evidence 
on the whole points to the explanation that the 
arsenate-stable part of the respiration (about 20%) 
is responsible for the whole of the aerobic phos- 
phorylation. 


SUMMARY 


1. The rates of esterification of inorganic phos- 
phate within the yeast cell during the first minute 
after addition of glucose have been determined, in 
nitrogen and in air. 

2. The levels of inorganic phosphate in the 
stationary phases of fermentation and respiration 
have been determined in the same yeast. 

3. The rate of hydrolysis of the esters so formed 
in yeast, when the further esterification is inhibited 
with urethane, has been measured. 

4. The effect of various poisons on the rates of 
aerobic and anaerobic phosphorylation and on the 
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minimum levels of inorganic phosphate in yeast have 
been measured. 

5. An attempt is made to relate these effects to 
the effect of the same substances on glucose cata- 
bolism and polysaccharide synthesis. Various dis- 
crepancies are pointed out. 

6. The hypothesis of Lynen (1941) and of Lynen 
& Koenigsberger (1951) that the Pasteur effect is 
related to the lower inorganic phosphate level 
obtaining aerobically appears to be untenable, for 
propionitrile, which inhibits the Pasteur effect, has 
no effect on phosphorylation phenomena. 
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The Effects of Phosphate Acceptors, p-Nitrophenol and Arsenate 
on Respiration, Phosphorylation and Pasteur Effect 
in Cell-Free Suspensions 


By C. TERNER* 
National Institute for Research in Dairying, University of Reading 


(Received 10 January 1956) 


The first evidence that phosphorylation reactions 
play a part in the oxidation of pyruvic acid in 
animal tissues was provided by Banga, Ochoa & 
Peters (1939) who showed that inorganic phosphate 
and adenine nucleotide reactivate the pyruvic 
oxidase system of dialysed dispersions of pigeon 
brain and of rabbit kidney. Later workers have 
attributed the restoration of the respiratory 
activity of deficient systems by 2:4-dinitrophenol to 
its ability to ‘replace’ either inorganic phosphate 
(Loomis & Lipmann, 1948; Teply, 1949) or adenine 
nucleotide (Judah & Williams-Ashman, 1951). In 
washed kidney dispersions (cyclophorase), dini- 
trophenol has been found to-abolish phosphoryla- 
tion without inhibition or with slight stimulation 
of respiration (Loomis & Lipmann, 1948; Cross, 
Taggart, Covo & Green, 1949). Lardy & Wellman 
(1952) observed that dinitrophenol accelerated the 
respiration of liver mitochondria oxidizing various 
substrates and that this stimulant action could be 
reproduced by the addition of phosphate acceptors 
such as adenylate or glucose plus hexokinase, the 
effects of the nitrophenol and the phosphate 
acceptors not being additive. 

Since it had been found (Terner, 19546, 1955a) 
that p-nitrophenol increased the respiration of 
mammary-gland homogenates metabolizing fum- 
arate and pyruvate, with and without glucose plus 
hexokinase, further studies have been made to 
compare the effects of p-nitrophenol and of phos- 


* Present address: The Worcester Foundation for Experi- 
mental Biology, Shrewsbury, Massachusetts, U.S.A. 


phate acceptors on the oxygen consumption of 
mitochondrial preparations metabolizing fumarate 
and pyruvate. The effects of p-nitrophenol and of 
arsenate on aerobic phosphorylation and citric acid 
formation were studied in suspensions blocked with 
fluoracetate. 

In extension of previous studies of the Pasteur 
effect in cell-free suspensions (Terner, 1954a), it 
could be shown that the addition of large amounts 
of adenine nucleotide resulted in a marked increase 
in the amount of lactic acid accumulating under 
aerobic conditions, i.e. that the inhibition of the 
Pasteur effect by p-nitrophenol could be reproduced 
by the addition of adenine nucleotide. 


EXPERIMENTAL 


Material. Homogenates in 0-154M-KCl or in 855% 
sucrose were prepared as previously described (Terner, 
19556) and used either without further treatment, or after 
centrifuging twice for short periods at low speed to remove 
cell debris and nuclei. The resultant mixture of mito- 
chondria and soluble tissue constituents is designated 
‘suspension’. Washed suspensions were prepared by further 
centrifuging at 7000g for 30 min. and resuspending the 
sediment in KCl. After two or three washings the sus- 
pension contained almost pure mitochondria, with few if 
any nuclei, and will be referred to as ‘mitochondria’. 

The ‘supernatant fraction’ was the clear solution re- 
covered after the first centrifuging at high speed and 
was free from nuclei and mitochondria. Nuclei were 
isolated as described by Hogeboom, Schneider & Striebich 
(1952). 

Unless otherwise stated, the experimental animals were 
guinea pigs. 
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Table 1. Effect of phosphate acceptors and p-nitrophenol on respiration of kidney-cortex mitochondria 


Kidney-cortex mitochondria, dry wt., 13-1 mg./vessel. Basal medium, ATP (0-0005m), fumarate (0-0025m) and pyru- 
vate (0-001) in all flasks. Additions: glucose, 0-02M; hexokinase, 18 units. p-Nitrophenol (pNP) (2 x 104m) was tipped 
in after 30 min. incubation. Qo, was calculated from the O, uptake during 15 min. periods before and after adding pNP. 


Further additions of adenine nucleotide were made as AMP. 











- Qo, 

Total A - 

adenine _ Glucose + hexokinase Supernatant 

nucleotide =—_,7 PE ee 
(m) — pNP — pNP -- pNP 
0-0005 18-8 44:3 31-0 45-6 21-6 75-0 
0-001 23-8 52-0 40-6 53-0 28-0 68-4 
0-002 31-0 52-8 45:8 43-4 34-8 71-0 
0-004 37-7 47-0 44-3 33-3 45°5 65-5 

Reaction mixture. The basal medium contained: KCl, Table 2. ZH iffect of phosphate acceptors and p-nitro- 


0-154mM; MgCl,, 0-01M; nicotinamide, 0-02M; cozymase, 
1-25x10-4mM; aminotrishydroxymethylmethane _ buffer, 
pH 7-4, 0-02 and phosphate buffer, pH 7-4, 0-005-0-01 m. 
Further additions were made as stated in the text and in the 
tables. The gas phase was air. In experiments in which the 
uptake of inorganic phosphate was measured, the homo- 
genate or suspension (1 ml.) and hexokinase were pipetted 
into the side arm of the Warburg flask and were mixed with 
the medium in the main compartment immediately before 
the vessel was placed in the thermostat at 37°. The volume of 
the complete reaction mixture was 4-0 ml. All manometric 
data have been corrected by extrapolation to include the 
equilibration period (10 min.). After incubation the vessels 
were cooled in ice water and 3 ml. of 1-5N perchloric acid 
was added to each. The contents of control flasks, some of 
which contained arsenate in the same amounts as used in 
experimental vessels, were deproteinized at the time the 
incubation was started. The protein-free filtrates were 
analysed after storage at —17°, the phosphate analyses 
being completed within 24 hr. 

Analytical methods. Citric acid was estimated by Taylor’s 
(1953) modification of the method of Weil-Malherbe & Bone 
(1949) with some small changes and precautions outlined 
previously (Terner, 1955a); lactic acid by the method of 
Barker & Summerson (1941). Inorganic phosphate was 
estimated by Weil-Malherbe & Green’s (1951) modification 
of the method of Berenblum & Chain (1938). When this 
method was used, arsenate, although it reacts more slowly 
with the molybdate reagent than inorganic phosphate, gave 
rise to some colour in the final extract. The development of 
arsenomolybdate can be prevented by the addition of 
tartaric acid (Feigl, 1937). Since the reagent containing 
tartaric acid described by Feigl, when used in the extraction 
method, also delayed the formation of phosphomolybdic 
acid, the amount of tartaric acid was decreased to a level 
which caused only slight inhibition of the formation of 
phosphomolybdate and minimized the interference due to 
arsenate. Portions of protein-free filtrates containing 0-3— 
2-5 umole of inorganic phosphorus and up to 12 umoles of 
arsenate were pipetted into glass-stoppered tubes containing 
6 ml. of an isobutanol—benzene (1:1) mixture (Martin & 
Doty, 1949), followed by 2 ml. of the molybdate—tartaric 


acid reagent (2-5 g. of ammonium molybdate and 1-5 g. of 
tartaric acid in 100 ml. of 0-5nN-H,SO,). The tubes were 
shaken for 30 sec., the aqueous layer was removed from each 
and the solvent layer dried over anhydrous Na,SQ,. 
A measured portion was transferred to a test tube containing 
5 ml. of acid ethanol, 0-2 ml. of dil. SnCl, was added and the 


phenol on respiration of mammary mitochondria 


Mammary mitochondria, dry wt., 18 mg./ml. Basal 
medium, ATP (0-0005m), AMP (0-0005M), fumarate 
(0-0025 Mm) and pyruvate (0-02m), in all vessels. Additions: 
glucose, 0-02m; hexokinase, 18 units; AMP, 0-003m. 
p-Nitrophenol (pNP) (2 x 10-4m) was added from side arms 
of the flasks after 30 min. incubation. Qo, was calculated 
from the O, uptake before and after mixing. 


“i 

0-5 ml. of 1-0 ml. of 
suspension/ —suspension/ 

vessel vessel 
epee =. a 
Acceptors added pNP — pNP 
None 16-0 41-2 11-4 438 
Glucose, hexokinase 32:7 43-0 22:9 440 
AMP 31-8 23-5 36-0 21-1 
Glucose, Renee. AMP 43-5 31-0 44-7 22-2 





ditties measured ina Spekker saiiatiaaiis with a red 
filter (Ilford 608), as outlined in the procedure of Weil- 
Malherbe & Green (1951). The extraction method has the 
advantage over the method of Pett (1933) that prolonged 
warming of the sample in acid reagents can be avoided, the 
ice-cold sample being extracted with practically no delay. 

In experiments in which C-labelled substrates were used, 
the respiratory CO, was collected and its radioactivity 
measured as described by Popjak & Tietz (1954). 

Reagents and preparations. These were the same as 
previously employed (see Terner, 1955a). Samples of 
fluoroacetate were kindly given by Sir Rudolph Peters, 
a-oxoglutarate (96% pure) by Dr A. L. Greenbaum. 
[2-“C]Pyruvate was obtained from the Radiochemical 
Centre, Amersham. 

Units. Except when quantities are given in pmoles, 
metabolic quotients are used and expressed in the Q 
notation (pl./mg. dry wt./hr.). (Qp=pl. of H;PO,/mg. dry 
wt./hr., lumole of H,PO,=22-4yul.) Dry weights were 
determined by evaporation in the steam oven of portions of 
the homogenates and suspensions, and were corrected for 
the salt content of the diluting fluids. 


RESULTS 
Stimulation of respiration by phosphate acceptors. 


As shown in Tables 1 and 2, the O, consumption 
of mitochondrial suspensions of kidney cortex 
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and of mammary gland metabolizing fumarate 
plus pyruvate was accelerated by the addition of 
p-nitrophenol, glucose plus hexokinase, or adeno- 
sine 5-phosphate (AMP). Although the present 
observations are in general agreement with those of 
Lardy & Wellman (1952) made on liver mito- 
chondria, they further reveal a relationship between 
the Q,, and the amount of adenine nucleotide 
present in the system. Not only was the rate of 
respiration accelerated progressively as the concen- 
tration of AMP was increased, but the elevated rate 
in the presence of the glucose—hexokinase system 
was further enhanced by the addition of AMP. The 
highest rates of respiration were observed in the 
presence of p-nitrophenol (2 x 10-4m), which in- 
creased the Qo, of kidney and mammary mito- 
chondria at low levels of adenine nucleotide. When 
the respiratory rate was elevated by the presence of 
AMP in high concentration, the addition of p- 
nitrophenol resulted in further stimulation in 
kidney mitochondria, but caused inhibition in 
mammary mitochondria. When glucose and hexo- 
kinase were included in the system, p-nitrophenol 
increased the O, consumption of mammary and 
kidney mitochondria at low levels of adenine 
nucleotide, but was inhibitory or without effect in 
the presence of larger amounts of AMP. Kidney 
mitochondria, however, when incubated in the 
presence of the corresponding supernatant fraction 
(see below), responded to p-nitrophenol with 
increased respiration even at the highest levels of 
AMP tested. 

The stimulation of respiration by AMP and by 
glucose plus hexokinase could also be observed in 
whole hcmogenates (Table 3). In mammary 
homogenates the addition of glucose alone was 
without effect, as may be expected from the 
previously reported observation that the hexo- 
kinase activity of mammary homogenates is low 
and variable, probably because of the instability of 
the enzyme (Terner, 1952; Kittinger & Reithel, 
1953). 
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In homogenates and suspensions containing 
fluoride and fluoroacetate, the stimulant action of 
p-nitrophenol was smaller and, especially when 
glucose and hexokinase were present, of short 
duration, as will be described in the study of 
phosphorylation below. The respiratory response of 
mammary homogenates blocked by fluoroacetate 
AMP added in increasing concentration is shown in 
Table 4. 

Effect of supernatant fraction. Although the 
addition of the isolated nuclear fraction was without 
effect on the respiration of the mitochondria, the 
addition of the supernatant fraction of the original 
kidney homogenate greatly enhanced the stimu- 
lating action of p-nitrophenol, but had much less 
effect on the oxygen consumption in the absence of 
the nitrophenol (Table 1). The corresponding effect 
of the supernatant fraction of mammary tissue was 
much smaller. 

The supernatant fraction of kidney cortex was 
found to contain an enzyme which liberated 
inorganic phosphate from adenosine triphosphate 


Table 3. Effect of phosphate acceptors and p-nitro- 
phenol on respiration of mammary homogenates 


Mammary homogenate, dry wt., 45-3 mg./vessel. Basal 
medium, ATP (0-0005 m), fumarate (0-0025 m) and pyruvate 
(0-01M), in all flasks. Additions: glucose, 0-02m; hexo- 
kinase, 18 units; p-nitrophenol (pNP), 2 x 10-*m (added 
from the side arms of the flasks after 30 min. incubation). 
Qo, was calculated from the O, uptake during the 15 min. 
periods before and after adding pNP. Further additions of 
adenine nucleotide were made as AMP. 








= Qo, 
Glucose + 

Total adenine — hexokinase 
nucleotide Cc XN c — ; 
(M) — pNP — pNP 
0-0005 6-6 17-3 8-8 18-1 
0-001 7:3 17-3 11-5 15-6 
0-002 8-4 17-8 11-5 13-9 
0-004 9-3 14-6 11-0 12-7 


Table 4. Effect of phosphate acceptors and p-nitrophenol on respiration of mammary homogenates 
in the presence of fluoroacetate 


Mammary homogenate, dry wt., 46-3 mg./vessel. Basal medium, fumarate (0-01 M), pyruvate (0-01), fluoride (0-01 m) 
and fluoroacetate (0-0025mM), in all flasks. Additions: glucose, 0-02m; hexokinase, 18 units; p-nitrophenol (pNP), 
2x 104m. Qo, values are given for the periods 10-25 min. and, in parentheses, for 25-40 min. 





~%, 

AMP ' -- Glucose + hexokinase 
added — —_—_—MH#U#"“'—". 
(m) — pNP —_— pNP 
0 3-3 (2-2) 3-7 (2-4) 2-9 (2-4) 3-1 (2:5) 
0-0005 6-0 (4-7) 11-0 (7-9) 8-1 (7-1) 11-5 (8-5) 
0-001 6-0 (4-9) 10-9 (7-5) 11-1 (7-0) 11-3 (7-6) 
0-002 8-7 (4-8) 10-0 (6-1) 12-3 (7-2) 10-7 (6-5) 
0-005 11-5 (3-2) 10-0 (5-1) 13-0 (5-9) 9-8 (2:8) 
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(ATP) at pH 7-4, in the presence of Mg?* ions. 
p-Nitrophenol did not enhance the activity of the 
enzyme in the supernatant or in a fraction prepared 
by precipitation with ammonium sulphate (30- 
60 % saturation). 

Since the addition of the supernatant to the mito- 
chondrial fraction resulted in the appearance of an 
‘endogenous’ respiration, the possibility was con- 
sidered that under these conditions the effects of 
p-nitrophenol might be due to its action on the 
metabolism of endogenous substrates. However, 
measurement of the radioactivity of the respiratory 
CO, produced by kidney mitochondria metabolizing 
[2-4C]pyruvate in the presence of fumarate showed 
that the supernatant fraction greatly increased the 
production of !4CO, in the presence of p-nitrophenol, 
but less so in its absence. No such enhancement of 
the action of p-nitrophenol by the supernatant 
fraction of mammary time was observed in 
mammary mitochondria. However, in both kidney 
and mammary mitochondria, the addition of AMP 
stimulated the production of “CO, concomitantly 
with the stimulation of respiration already described 
(Table 5). 

Table 2 also shows that when the concentration 
of adenine nucleotide was low, the Qo, values 
decreased as the amount of tissue added was in- 
creased. In the presence of high concentrations of 
AMP or in the presence of p-nitrophenol the Qo, 
values were independent of the enzyme concentra- 
tion within the limits of the experimental conditions 
employed. 

Since in the presence of high concentrations of 
AMP the enhanced rates of respiration were of 
relatively short duration and the effect of p- 
nitrophenol tended to be inhibitory, the total 
adenine nucleotide concentration chosen for use in 


Table 5. Effect of adenylate and of supernatant 
fraction on the metabolism of kidney mitochondria 


Kidney-cortex mitochondria, dry wt., 15-7 mg./vessel. 
Basal medium, ATP (0-0005M), fumarate (0-0025M) and 
[2-“C]pyruvate (0-005m), in all flasks. Additions: p- 
nitrophenol (pNP), 2x10-4m; a portion of the super- 
natant fraction of original homogenate equivalent to one- 
half of the mitochondrial fraction (metabolic data ob- 
tained in the presence of added supernatant fraction are in 


parentheses). Incubation period, 50 min. 


[44C]Pyruvate 
(um-moles) 


O, uptake appearing in 


Additions (umoles) respiratory CO, 
None 13-1 (16-7) 510 (572) 
pNP 25-6 (35-7) 3790 (5220) 





2100 (2230) 
3680 (5550) 
2880 (3420) 
3490 (4700) 


19-1 (25-2) 
22-8 (37-2) 
25-2 (29-5) 


23-6 (36-1) 


AMP, 0-0015M 
AMP, 0-0015M; pNP 
AMP, 0-0035™M 
AMP, 0-0035m; pNP 
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the subsequent experiments in which phosphoryl- 
ation was measured was 0-001 M. 

Myokinase and adenylic deaminase in the mammary 
gland. Since the phosphorylation of adenylate is 
brought about by the action of myokinase (Barkulis 
& Lehninger, 1951), the presence of this enzyme in 
the mammary gland seems likely. Popjak & Tietz 
(1955) observed that adenosine diphosphate (ADP) 
but not AMP could replace ATP in promoting 
lipogenesis in their mammary preparation, and 
concluded that this suggested the presence of either 
powerful myokinase activity, or of some other 
reaction leading to the formation of ATP from ADP. 
Further evidence was obtained in manometric 
experiments illustrated in Fig. 1, which showed that 
extracts of acetone-dried powders of mammary 
gland, prepared according to Kaplan & Lipmann 
(1948), in combination with yeast hexokinase 
caused the phosphorylation of glucose by ATP to go 
further than yeast hexokinase alone. Since the 
extracts prepared from guinea pig, rat, rabbit and 
sheep mammary tissue were almost devoid of 
hexokinase activity, their activity in the presence 
of added hexokinase must be attributed to myo- 
kinase. In these experiments a slow but steady 
uptake of gas following the rapid evolution of CO, 
(see Weil-Malherbe & Bone, 1951) and a decrease in 


CO, (moles) 





10 20 30 40 50 60 
Time (min.) 

Fig. 1. Myokinase and adenylate deaminase activity of 
mammary tissue. The reaction mixture contained MgCl,, 
0-Olm; glucose, 0-02m; fluoride, 0-005m; iodoacetate, 
0-001mM; KHCO,, 0-0024m; ATP, 13-2 wmoles of labile P 
(Pio — Po). Volume, 2-0 ml. Temp., 30°. Gas: CO, +N, 
(5:95). A, Guinea-pig mammary acetone-dried powder 
extract, 0-5 ml.; B, yeast hexokinase, 9 units; C;, 
mammary extract + yeast hexokinase. 


fe 








1956 
oryl- 


mary 
te is 
kulis 
ne in 
Tietz 
.DP) 
»ting 
and 
ither 
other 
\DP. 
etric 
that 
nary 
nann 
nase 
to go 
. the 
and 
d of 
ence 
nyo- 
eady 
‘CO, 


se in 


| 


Vol. 64 


optical extinction at 265 my. of samples depro- 
teinized before and after incubation (see Kalckar, 
1947) were indicative of the presence of adenylic 
deaminase. 

Inhibition of the Pasteur effect by adenine nucleo- 
tide. As previously reported (Terner, 1954a), a 
Pasteur effect inhibited by p-nitrophenol can be 
demonstrated in cell-free homogenates of mammary 
gland. Further experiments now described show 
that the addition of adenine nucleotide in relatively 
large amount to glycolysing cell-free suspensions 
also resulted in increased accumulation of lactic acid 
under aerobic conditions. The cell-free suspensions 
used in these experiments were prepared by centri- 
fuging mammary or kidney-cortex homogenates at 
slow speed to remove broken cells and nuclei. The 
resultant supernatant fraction, which contained the 
mitochondria and the soluble glycolytic enzymes, 
was incubated in the medium similar to that 
previously employed for glycolysis (Terner, 1954a), 
except that the concentration of inorganic phos- 
phate was increased to 0-01mM. Both kidney and 
mammary suspensions showed a marked Pasteur 
effect. The addition of p-nitrophenol, AMP or 
ATP increased the amount of lactic acid accumu- 
lating under aerobic conditions (Table 6); 0-007M 
AMP had a greater effect than 0-003M. 
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Phosphorylation in mammary homogenates and 
kidney suspensions blocked by fluoroacetate. In 
previous papers (Terner, 1955a,b) the effect of 
p-nitrophenol on oxidation and citric acid formation 
in homogenates blocked by fluoroacetate has been 
reported. Phosphorylation has now been studied in 
the same system (Tables 7 and 8). A small uptake of 


Table 6. Inhibition of Pasteur effect by p-nitrophenol 
and adenine nucleotide 


Mammary suspension (freed from nuclei and cell debris), 
dry wt., 32 mg./vessel. Basal medium, ATP (0-001 ™), 
glucose (0-04M), fructose 1:6-diphosphate (1-25 x 10-*m) 
and hexokinase (18 units), in all flasks. p-Nitrophenol 
(pNP), 2x 10-4m. Incubation period, 35 min. 


Experimental 
Additions conditions Qo, Practice acia 
None Aerobic 13-4 5-8 
AMP, 0-003 m Aerobic 15-1 10-8 
AMP, 0-007M Aerobic 14-7 17-2 
ATP, 0-007M Aerobie 15-1 11-0 
pNP Aerobic 17-8 17-1 
AMP, 0-003mM; pNP = Aerobic 15:3 18-5 
AMP, 0-:007m; pNP = Aerobic 14-4 17-8 
ATP, 0:007mM; pNP Aerobic 13-4 11-5 
None Anaerobic — 27-4 
AMP, 0-003 Anaerobic — 26-6 
AMP, 0-007 Anaerobic — 23-5 


Effect of p-nitrophenol and of arsenate on citric acid synthesis and aerobic phosphorylation 


Mammary homogenate, dry wt., 60-9 mg./vessel. Basal medium, ATP (0-001), glucose (0-02), hexokinase (18 units), 
fluoride (0-01m) and fluorvacetate (0-005™), in all flasks. Additions: fumarate, 0-01M; pyruvate, 0-01mM. Incubation 


period, 40 min. Initial inorganic P, 972 yg. 
Additions 


None 

pNP, 2 x 10-*m 

Fumarate 

Fumarate; pNP, 2 x 10-*m 

Fumarate; arsenate, 0-01 

Fumarate; pyruvate 

Fumarate; pyruvate; pNP, 2 x 10-*m 
Fumarate; pyruvate; pNP, 4 x 10-*m 
Fumarate; pyruvate; arsenate, 0-005M 


Fumarate; pyruvate; arsenate, 0-005m; pNP, 2 x 10-*m 


Fumarate; pyruvate; arsenate, 0-01M 
Fumarate; pyruvate; arsenate, 0-02M 
Fumarate; pyruvate; arsenate, 0-04m 


- Qo, —Qp Qcitrate 
3-5 7-2 0-2 
3-5 0-2 0-1 
4-0 11-0 0-4 
3-2 2-4 0-6 
3-8 1-5 0-9 
7-2 16-7 3-4 

12-2 15-5 7-2 

12-3 2-5 7-2 
6-9 14-2 3-3 
8-4 6-4 4-6 
5-8 11-0 3-3 
55 6-2 2-4 
4:3 3-2 1-8 


Table 8. Effect of p-nitrophenol on citric acid synthesis and aerobic phosphorylation 


Kidney-cortex suspension (centrifuged once), dry wt., 28 mg./vessel. Basal medium, ATP (0-001 ™), fluoride (0-01 m), 
fluoroacetate (0-005 m), glucose (0-02) and hexokinase (18 units), in all flasks. Additions: fumarate, 0-01M; pyruvate, 
001m. Incubation period, 35 min. Initial inorganic P, 1455 yg. 


Additions 
None 
pNP, 2x 10-*m 
Fumarate 


Fumarate; pNP, 2 x 10-'m 
Fumarate; pyruvate 

Fumarate; pyruvate; pNP, 2 x 10-*m 
Fumarate; pyruvate; pNP, 4 x 10-4m 


ai Qo, = Qp Qcitrate 
6-3 14-5 0 
6-7 3-7 0 
13-4 45°8 4-6 
11-3 5-9 4-4 
20-4 61-6 8-9 
26-7 29-6 8-6 
29-0 4:8 11-4 
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inorganic phosphate, sensitive to inhibition by 
p-nitrophenol, was observed in the absence of added 
fumarate. This might have been due to the oxida- 
tion of endogenous substrates present in the crude 
mammary homogenates ; washed kidney suspensions 
(mitochondria), however, were virtually devoid of 
endogenous oxidizable material as shown by the 
absence of respiration on incubation without added 
substrates. 

Fumarate, when added as the only oxidizable 
substrate, caused a larger uptake of inorganic 
phosphate, which was further increased by the 
addition of pyruvate. In kidney suspensions, 
fumarate alone gave rise to appreciable amounts of 
citric acid (Liébecq & Peters, 1949), and in mammary 
homogenates only small amounts of citrate were 
formed unless both fumarate and pyruvate were 
present. 

In many experiments the rate of respiration 
declined with time, but remained linear in the 
presence of p-nitrophenol. As only the overall rates 
are reported in the tables, the apparently higher 
rates of respiration in the presence of p-nitrophenol 
were largely due to the maintenance of the initial 
rate. Nevertheless, in this system the initial 
respiratory rate usually enhanced by p- 
nitrophenol in mammary homogenates, but less so 


was 


in kidney suspensions. 


Table 9. 
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Citrate synthesis and inhibition of phosphorylation. 
In mammary homogenates metabolizing fumarate 
plus pyruvate in the presence of fluoroacetate, the 
synthesis of citric acid was accelerated by 2 x 10-4m 
p-nitrophenol, which only partially inhibited phos- 
phorylation; no further acceleration was observed 
when phosphorylation was abolished by p-nitro- 
phenol in higher concentration (4 x 10-4m) (Tables 7 
and 9). Thus the higher overall respiratory rates 
observed in the presence of p-nitrophenol were 
paralleled by increased accumulation of citric acid 
but much less so by the degree of inhibition of 
phosphorylation. In washed kidney suspensions 
metabolizing fumarate plus pyruvate, the effect of 
p-nitrophenol on the rate of citric acid formation was 
small or absent (Tables 8 and 10). 

Effect of arsenate on phosphorylation and citric acid 
synthesis. In both mammary and kidney prepara- 
tions, arsenate was found to be a much less effective 
inhibitor of phosphorylation than p-nitrophenol. 
Although a measurable depression of phosphoryla- 
tion was produced by relatively low concentrations 
(0-005M), increasing amounts caused only small 
increments in the degree of inhibition. At the same 
time, arsenate caused inhibition of both respiration 
and citric acid formation (Tables 7, 9 and 10). Crane 
& Lipmann (1953) found that the inhibition of 
respiration by arsenate increased with time and 


Effect of p-nitrophenol and of arsenate on phosphorylation and citric acid synthesis 


Mammary homogenate, dry wt., 55-7 mg./vessel. Basal medium, ATP (0-001), fumarate (0-01 M), pyruvate (0-01), 


fluoroacetate (0-005M), glucose (0-02M), hexokinase (18 units) and fluoride (0-01™), in all flasks. 


35 min. Initial inorganic I , 967 ws. 
5 HS 
Additions 


None 

pNP, 2 x 10-*m 

pNP, 4x 10-*m 

Arsenate, 0-005 M 

Arsenate, 0:005mM; pNP, 2 x 10-4m 
Arsenate, 0-02 M 

Arsenate, 0-02 Mm; pNP, 2 x 10-*m 


Incubation period, 


1 Qo, "2 Qp Qcitrate 
8-9 19-8 4-9 
14-9 17-9 10-7 
14-8 1-5 11-5 
8-2 16-0 4-1 
10-1 5-1 7-5 
8-6 78 3-1 
11-2 13 5-4 


Table 10. Effect of p-nitrophenol and arsenate on phosphorylation and citric acid synthesis 


Rabbit-kidney cortex suspension (centrifuged twice), dry wt., 15-2 mg./vessel. Basal medium, ATP (0-001), fluoro- 
acetate (0-005 M), fluoride (0-01M), glucose (0-01 Mm) and hexokinase (18 units), in all flasks. Additions: fumarate, 0-01M- 
pyruvate, 0-O0lm. Incubation period, 50 min. Initial inorganic P, 930 yg. 


Additions 
None 


Pyruvate 
Fumarate 
Fumarate; pNP, 1 x 10-4m 
Fumarate; pyruvate 
Fumarate; pyruvate; pNP, 1 x 10-*m 
Fumarate; pyruvate; pNP, 2 x 10-4 
Fumarate; pyruvate; pNP, 4 x 10-4m 

; I 
Fumarate; pyruvate; arsenate, 1-25 x 10-3m 
Fumarate; pyruvate; arsenate, 0-0025M 
Fumarate; pyruvate; arsenate, 0-005 mM 


os Qo, Qp Qcitrate 
1-6 +10-4 0 
6-1 +4:7 0 
11-2 — 23-0 3-9 
10-4 +3°7 3-9 
14-5 — 46-0 7-2 
14-4 —11-2 7-4 
14-4 +29 7-4 
15-1 +4-4 9-2 
14-8 — 40-2 5:7 
13-2 — 32-8 55 
13-2 — 26-2 4-1 


’ 
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Table 11. Effect of p-nitrophenol and arsenate 
on phosphorylation 


Kidney-cortex suspension (centrifuged twice), dry wt., 
18-8 mg./vessel. Basal medium, ATP (0-001M), fumarate 
(0-01 m), pyruvate (0-01), fluoroacetate (0-005), fluoride 
(0-01 m), glucose (0-02M) and hexokinase (18 units), in all 
flasks. Incubation period, 50 min. Initial inorganic P, 
1000 ug. All figures denote phosphate uptakes calculated 


as Qp. 





Conen. of Conen. of pNP 
arsenate A 
(mM) — 10-*m 2x10-*m 4x10-*m 
_ — 44-6 — 36-3 -17-0 +7-2 
0-0025 — 33-2 —17-2 -15 — 
0-005 — 27:8 —9-8 -15 —- 
0-01 — 24-6 — — _— 


Table 12. Effect of p-nitrophenol and arsenate 


on aerobic phosphorylation 
Mammary homogenate, dry wt., 42-9 mg./vessel. Basal 


medium, ATP (0-001m), glucose (0-02Mm), hexokinase 
(18 units), fluoride (0-01M) and fluoroacetate (0-005), in 


‘all flasks. Additions: fumarate, 0-01M; pyruvate, 0-01m; 


z-oxoglutarate, 0-OlmM; arsenate, 0-02m. Incubation 
period, 40 min. Initial inorganic P, 1430 yg. 

Additions ~ Qo, Qp 
None 3-2 — 255 
pNP, 2 x 10-4 2-1 -1-0 
Fumarate 35 —4:5 
Fumarate; pNP, 2 x 10-*m 2-7 +2-1 
Fumarate; pyruvate 11-4 — 35-8 
Fumarate; pyruvate; pNP, 2x10-*m =13-4 — 23-0 
Fumarate; pyruvate; pNP,4x10-*m = 11-5 —1-6 
Fumarate; pyruvate; arsenate 5-5 — 6-3 
Fumarate; pyruvate; arsenate; pNP, 7:3 + 1-2 
2x10-!m 
a-Oxoglutarate 10-8 — 32-2 
a-Oxoglutarate; pNP, 2 x 10-4 7-7 — 5:5 
1-Oxoglutarate; pNP, 4 x 10-*m 7-4 + O-4 
1-Oxoglutarate; arsenate TT -9-7 


attributed it to the reductive formation of arsenite. 
This complication did not arise in the present work; 
in all experiments the respiratory rates in the 
presence of arsenate were either linear, or, where 
they declined, the rate of decline did not exceed 
that of the tissue incubated without arsenate. 
Under the present experimental conditions in 
which the initial concentration of inorganic phos- 
phate was about 0-01M, arsenate in a concentration 
at least as high as 0-04 had to be added to produce 
an inhibition of phosphorylation comparable to that 
caused by p-nitrophenol (‘Table 7). This is in accord 
with the findings of Crane & Lipmann (1953), who 
found that an arsenate/phosphate ratio of 5:1 was 
required for phosphorylation to be inhibited as 
shown by the depression of the 3?P turnover of ATP. 

Low concentrations of arsenate, although re- 
latively ineffective, made the phosphorylating 
system more susceptible to the action of low concen- 
trations of p-nitrophenol. The presence of arsenate 
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reduced, but did not abolish, the stimulation of 
respiration and citric acid synthesis by p-nitro- 
phenol (Table 9). The mutual potentiation of the 
effects of arsenate and p-nitrophenol on phosphory!1- 
ation is illustrated in Table 11. 

The phosphorylations supported by the oxidation 
of fumarate or «-oxoglutarate appeared to be more 
susceptible to inhibition by low concentrations of 
p-nitrophenol or of arsenate than the phosphoryl- 
ations associated with the oxidation of fumarate plus 
pyruvate (Tables 7 and 12). 

Time-course of phosphorylation and phosphorus/O, 
ratios. Only low phosphorus/O, ratios can be 
calculated from the preceding tables. However, in 
many experiments the inorganic phosphate initially 
present was esterified so rapidly, especially during 
the oxidation of fumarate plus pyruvate, that at 
the end of the usual incubation period of 40 min. it 
was nearly exhausted. By shortening the incuba- 
tion period, rather than by increasing the amount of 
inorganic phosphate in the medium, higher ratios 
were obtained. It was found that the uptake of 
inorganic phosphate was highest during the first 
10 min., which coincided with the equilibration 
period. On the assumption that the O, consumption 
during the first and second 10 min. periods was the 
same, phosphorus/O, ratios approaching 3-0 could 
be calculated for the equilibration period (‘Tables 13 
and 14), a value which corresponds to the ratio 
expected for the conversion of fumarate and pyru- 
vate into citrate (see Ochoa & Stern, 1952). 

Even during short incubation periods, which 
precluded the danger of exhaustion of inorganic 
phosphate, the phenomena previously described 
could be observed; notably, citrate formation was 
increased by low concentrations of p-nitrophenol 
which caused only slight inhibition of phosphory!- 
ation (Table 13). 


DISCUSSION 


Phosphate turnover and metabolic rates. According 
to recent views, the rates of oxidations in phos- 
phorylating systems are controlled by the balance 
between the rates of synthesis and breakdown of 
ATP (Potter & Recknagel, 1951; Lardy & Wellman, 
1952, 1953). In mitochondrial preparations of low 
adenosine triphosphatase activity and containing 
adenine nucleotide in catalytic amounts the addi- 
tion of an acceptor such as the glucose—hexokinase 
system may be expected to facilitate the turnover of 
phosphate by accelerating the regeneration of ADP. 
In the present experiments, however, the presence 
of adenine nucleotide in relatively large amount was 
necessary in addition to the glucose—hexokinase 
system to increase the respiratory rate to the 
maximum level attained under the influence of 
p-nitrophenol. High rates of respiration were also 
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elicited by the addition of large amounts of AMP 
alone; furthermore, a progressive acceleration of 
respiration could be shown to result from a gradual 
increase in the amount of AMP added. Since the 
elevated rate of respiration in the presence of p- 
nitrophenol was of the same order of magnitude 
whether at lower or higher levels of adenine nucleo- 
tide, the apparent increase of respiration due to 
p-nitrophenol diminished in extent as the amount of 
AMP was increased. As shown in Table 2, the 
optimum amount of adenine nucleotide may vary 
according to the tissue concentration. Since in 
work of this nature a standard concentration of 
ATP, usually 0-001, irrespective of the activities 
of the tissue preparations is generally employed, the 
diversity of the effects of nitrophenols on respiratory 
rates reported in the literature may be at least in 
part explained. 

Effects of p-nitrophenol. In experiments in which 
the phosphorylation accompanying the oxidation of 
fumarate plus pyruvate was only partiaily in- 


- hibited, the uptake of phosphate accompanying 





the oxidation of fumarate alone was practically 
abolished by p-nitrophenol. Thus it appears that 
the inhibitory action of the nitrophenol could be 
antagonized by a vigorous rate of phosphorylation. 

Nitrophenols are believed to act at two points in 
the chain of events leading to the esterification of 
inorganic phosphate. They are assumed to cause the 
hydrolysis of a hypothetical intermediary high- 
energy compound at a stage preceding the forma- 
tion of ATP (Slater, 1953; Boyer, Falcone & 
Harrison, 1954; Lehninger, 1955), and have been 


| shown to activate the latent ‘adenosine triphos- 


phatase’ activity of mitochondria (Siekevitz & 
Potter, 1953; Lardy & Wellman, 1953). Conditions 
seem to have been found in the present experiments 
such that the hydrolytic actions of p-nitrophenol, 
present in a critical concentration, could be allowed 
either to take effect or be overcome. 

Effect of arsenate on phosphate metabolism. 
Arsenate, which as shown by Crane & Lipmann 
(1953) inhibits competitively the incorporation of 
inorganic phosphate into ATP, may be expected to 
interfere with the formation of the high-energy 
phosphate intermediate. When present in amounts 
which inhibited phosphorylation, arsenate also 
retarded the metabolism of pyruvate, depressing 
the rates of respiration and of citric acid formation. 
The different mode of action of the two inhibitors is 
also shown by the observation that although their 
inhibitory effects on the uptake of phosphate were 
cumulative, some stimulation of respiration and 
citric acid formation could be observed when p- 
nitrophenol was added to a system partially in- 
hibited by arsenate. The effect of arsenate on the 
Pasteur reaction has been discussed previously 
(Terner, 1954a). 
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Effect of adenine nucleotide on the Pasteur reaction. 
Johnson (1941) and Lynen (1941) proposed that the 
exhaustion of intracellular inorganic phosphate by 
aerobic phosphorylation is an important factor in 
retarding the rate of aerobic glycolysis. It was 
further suggested by Johnson (1941) that a high 
ATP/ADP ratio, maintained by aerobic phosphoryl- 
ation, may be expected to retard aerobic glycolysis. 
In a review of these concepts, Krebs (1254) pointed 
out that either ADP or inorganic phosphate or 
both may be the limiting factor controlling the rates 
of respiration and of aerobic glycolysis, but that it 
was uncertain which of the three alternatives 
applied. It has already been stated (Terner, 1954a) 
that the demonstration of a Pasteur effect in cell- 
free preparations of yeast and of mammary gland 
does not bear out the hypothesis that the level of 
inorganic phosphate is an important factor in 
regulating the rate of aerobic glycolysis. In previous 
and in the present experiments, high initial phos- 
phate levels and short incubation periods were 
employed to avoid undue depletion of phosphate in 
reaction mixtures in which the glycolytic enzymes 
were mainly in solution. In the present experi- 
ments, the addition of either AMP or ATP resulted 
in increased accumulation of lactic acid in respiring 
cell-free suspensions of kidney or mammary gland. 
Under the influence of the myokinase and hexo- 
kinase reactions and of phosphatases both nucleo- 
tides give rise to ADP, the presence of which is 
required for glycolysis to proceed. 

It may be noted that, in the experiments in which 
aerobic glycolysis was studied, the stimulating 
action of p-nitrophenol or of adenine nucleotide on 
the respiration of the cell-free system was small or 
absent. In these experiments fumarate had been 
omitted, to avoid excessive phosphorylation re- 
sulting from a fully functioning Krebs cycle, which 
might suppress the formation of lactic acid. When 
fumarate was present, both adenine nucleotide and 
p-nitrophenol accelerated the rate of respiration. 
Thus the effects of adenine nucleotide as well as 
those of nitrophenols of accelerating the respiration 
and inhibiting the Pasteur effect appear to be due to 
an acceleration of rates of reactions limited by the 
availability of the AMP system. 


SUMMARY 


1. The effects of p-nitrophenol and of added 
phosphate acceptors on respiration and aerobic 
glycolysis in cell-free suspensions of mammary 
gland and kidney cortex have been studied. 

2. In homogenates or mitochondrial suspensions 
metabolizing fumarate plus pyruvate the addition 
of p-nitrophenol (2 x 10-4m) resulted in maximal 
stimulation of respiration. The addition of adenosine 
5’-phosphate (AMP) in amounts increasing from 


34-2 
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0-0005 to 0-004.M resulted in progressive acceleration 
of respiration. Glucose plus hexokinase accelerated 
respiration, which was further increased by AMP. 

3. The addition to the mitochondrial fraction of 
the particle-free supernatant of kidney cortex 
greatly enhanced the stimulating action of p- 
nitrophenol on the respiration. The supernatant 
fraction of mammary tissue did not show a corre- 
sponding activity. 

4. In cell-free suspensions showing glycolysis 
under aerobic conditions, the addition of AMP or 
adenosine triphosphate in large amount resulted in 
the accumulation of lactic acid, thus inhibiting the 
Pasteur effect. 

5. In mammary homogenates metabolizing 
fumarate plus pyruvate in the presence of fluoride 
and fluoroacetate, phosphorus/oxygen ratios ap- 
proaching 3-0 were observed. Acceleration of 
respiration and citric acid formation resulted from 
the addition of 2x 10-!m p-nitrophenol, which 
caused only partial inhibition of phosphorylation. 
No further acceleration of respiration and citric 
acid formation was observed when the concentration 
of p-nitrophenol was raised to 4 x 10-4M, at which it 
abolished phosphorylation. Arsenate, when present 
in effective concentration, inhibited respiration, 
citric acid formation and phosphorylation. 
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The Effect of Fumarate and of p-Nitrophenol on the Synthesis 
of Fatty Acids in Homogenates of the Mammary Gland 


By C. TERNER* 
National Institute for Research in Dairying, University of Reading 


(Received 10 January 1956) 


In preceding papers the effects of p-nitrophenol on 
the oxidative metabolism of pyruvate and acetate 
and on oxidative phosphorylation in mammary 
homogenates have been described (Terner, 1954a, 
1956). 
* Present address: Worcester Foundation for Experi- 
mental Biology, Shrewsbury, Massachusetts, U.S.A. 


1955a, b, These studies have now been 


extended to the well-known ability of mammary 
tissue to synthesize fatty acids, demonstrated in 
tissue slices by Balmain, Folley & Glascock (1952) 
and in cell-free preparations of mammary gland by 
Popjak & Tietz (1954, 1955). The latter authors 
found that in their preparation fatty acid synthesis 
was not inhibited by 2:4-dinitrophenol by more than 
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30%. Inthe present paper, experimental conditions 
are described in which the synthesis of fatty acids 
in mammary homogenates was inhibited by un- 
coupling agents and therefore presumed to depend 
on oxidative phosphorylation. In anaerobic ex- 
periments lipogenesis could be shown to occur under 
certain conditions, which included the maintenance 
of a vigorous rate of glycolysis. A preliminary 
account of part of this work has been given to the 
Biochemical Society (Terner, 1954c). 


=X PERIMENTAL 


Material. The mammary glands of lactating guinea pigs 
were passed through a Latapie mincer and the minced 
tissue was washed three times with cold 0-154M-KCl. 
The tissue was then ground in a Potter homogenizer in 
a medium containing 0-154m-KCl, 0-024m-KHCO, and 
002m nicotinamide. The suspension was then strained 
through muslin and diluted with 0-154M-KCl to give a 1 in 5 
homogenate (dry wt. 50-60 mg./ml.). 

Reaction mixture. The basal medium contained in addition 
to 0-:154M-KCl: MgCl,, 0-O0lM; nicotinamide, 0-02; 
cozymase, 1-25-2-5 x 10-4; adenosine triphosphate (ATP), 
0-001M; phosphate buffer, pH 7-4, 0-0025-0-005m and 
aminotrishydroxymethylmethane buffer, pH 7-2, 0-02. 
Further additions were made as stated in the text and in the 
Tables. The gas phase was air. The homogenate (1 ml.) and 
hexokinase (when added) were placed in the side arm of the 
Warburg flask (cooled in ice water) and were mixed with the 
medium in the main compartment immediately before the 
vessel was placed in the thermostat at 37°. The volume of the 
complete reaction mixture was 4-0 ml. Readings were 
begun after equilibration for 10 min. In some experiments, 
in which large manometric flasks (Krebs & Eggleston, 1945) 
were used, the volume of the homogenate was 5 ml. in a 
total volume of 20 ml. These flasks required an equilibration 
period of 20 min. All manometric data have been corrected 
by extrapolation to include the equilibration period. 

Recovery of respiratory CO,. At the end of the incubation 
period the ‘bound CO,’ was liberated from the medium by 
the addition of acid, and was absorbed in the NaOH in the 
centre wells which had served to absorb CO, during the 
measurements of O, consumption. The NaOH was trans- 
ferred to test tubes, carrier K,CO, was added and the mixture 
precipitated with BaCl,. The BaCO, was washed, dried and 
weighed. 

Isolation of mixed fatty acids. The reaction mixtures were 
transferred to round-bottomed flasks and the Warburg 
flasks were washed with a mixture of ethanol-ether (2:3, 
v/v). The solvent was removed and the fat was saponified by 
refluxing the tissue with ethanolic KOH. When the amount 
of fat in the tissue portions was small, carrier fat extracted 
from mammary tissue and kept in ethereal solution was 
added before saponification. The extraction and isolation of 
the fatty acids as calcium salts was carried out as described 
by Balmain et al. (1952); when [“C]acetate was one of the 
substrates, the light-petroleum solution of the free fatty 
acids was washed with unlabelled acetate before titration 
with Ca(OH),. 

Determination of radioactivity. The samples of BaCO, and 
calcium salts of fatty acids were plated on disks (2 em.*) and 
counted with an end-window counter at infinite thickness. 


LIPOGENESIS IN MAMMARY HOMOGENATES 533 


The amount of radioactive carbon appearing in the respir- 
atory CO, and in the fatty acids was calculated from the 
total activity of the products and the specific activity of the 
labelled substrate, and is expressed in terms of amount of 
substrate appearing in the products. 

Reagents and analytical methods. The potassium salt of 
ATP, supplied by Pabst Laboratories, Milwaukee, U.S.A., 
and the sodium salt, supplied by L. Light and Co. Ltd., were 
used. Cozymase (85% pure) was obtained from Schwarz 
Laboratories Inc., New York, U.S.A. Hexokinase was 
prepared from baker’s yeast according to Meyerhof (1927); 
extracts were prepared containing in 0-1 ml. about nine 
hexokinase units as defined by Berger, Slein, Colowick & 
Cori (1946). Crystalline potassium pyruvate was prepared 
according to Korkes, del Campillo, Gunsalus & Ochoa (1951). 
Commercial sodium fumarate and p-nitrophenol were 
purified by repeated recrystallization. Oxaloacetic acid was 
a sample kindly given by Dr G. Popjak. [}4C]Acetate and 
pyruvate were obtained from the Radiochemical Centre, 
Amersham. 

Citric acid was determined by the method of Taylor 
(1953) with some modifications previously outlined (Terner, 
1955a), and inorganic phosphate according to Weil- 
Malherbe & Green (1951). 

Units. Metabolic quotients are expressed in the Q 
notation (yl./mg. dry wt./hr.) (Qp =yl. of H,PO,/mg. dry 
wt./hr.; lumole H,PO,=2 Data derived from 
measurements of radioactivity are expressed as ~m-moles/ 
100 mg. dry wt./hr. The dry weight of the homogenates was 
determined by evaporation in the steam oven and was 
corrected for the salt content of the diluting fluid, but not for 
the fat content of the tissue. 





RESULTS 

Stimulation by fumarate of synthesis of fatty acids 
in mammary homogenates. When mammary homo- 
genates were incubated with either [carboxy-4C]- 
acetate or [2-!4C]pyruvate as the only added sub- 
strate, no measurable incorporation of the radio- 
active carbon into the fatty acids of the tissue was 
observed, although the respiratory CO, became 


Table 1. Effect.of concentration of fumarate 
on metabolism of acetate 


Mammary homogenate, dry wt., 58-6 mg./vessel. Basal 
medium and [carboxy-“C]acetate (0-0025M) in all flasks. 


p-Nitrophenol (pNP), 2x10-4m. Incubation period, 
40 min. 
Acetate 
(um-moles/100 mg. 
dry wt./hr.) 
appearing in 
Respiratory Fatty 
Additions - Qo, CO, acids 
None 7:8 4480 138 
pNP 5-7 440 25 
Fumarate, 1-25 x 10-°m 8-3 1900 975 
Fumarate, 1-25 x 10-°u, pNP 6-3 442 31 
Fumarate, 0-0025 9-0 1270 1110 
Fumarate, 0-0025M, pNP 6-0 364 90 
Fumarate, 0-005M 9-5 910 1765 
Fumarate, 0-005M, pNP 4:8 317 56 





534 
highly radioactive. As shown in a previous paper, 


homogenates metabolizing pyruvate in the presence 
of added fumarate responded to the addition of 


p-nitrophenol with a marked acceleration of 
respiration, which was small or absent when 


fumarate was omitted (Terner, 1955a). In the 
present study it was found that to promote optimum 
rates of lipogenesis fumarate had to be added in 
relatively large amounts (0-:005Mm), and that a 
graded response was observed when fumarate was 
added in intermediate concentrations (Table 1). 
Appearance of substrate carbon in respiratory CO, . 
As shown in Table 1, the stimulation of lipogenesis 
by fumarate in increasing concentration was 
accompanied by a progressive decrease in the 
amount of radioactive substrate carbon appearing 
in the respiratory CO,. A study of the time-course 
of the appearance of CO, during the metabolism of 
[carboxy-“C]acetate in the presence of fumarate 
reveaied a slow initial increase in the radioactivity 
of the CO,, followed by a rapid rise about 15 min. 
after the start of the incubation period (Fig. 1). 
Effect of other intermediates on the metabolism of 
[carboxy-'C]acetate. In the presence of fumarate, 
the addition of glucose was found to result in further 
stimulation of incorporation of [carboxy-4C]acetate 
into fatty acids, without appreciably affecting the 
activity of the respiratory CO, (Table 2). The further 
addition of hexokinase depressed the stimulating 
action of glucose on lipogenesis and also diminished 
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Fig. 1. Rate of appearance of C from [carboxy-“C]acetate 
in respiratory CO,. Mammary homogenate, dry wt. 


63-9 mg./vessel. Basal medium, [carbory-“C]acetate 


(0-005M) and fumarate (0-0025M). Six identical flasks: 
reaction stopped after 0, 5, 10, 20, 30 and 40 min. 
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the radioactivity of the respiratory CO, (‘Tables 3 
and 7). 

The addition of unlabelled pyruvate to the 
system metabolizing [carboxy-“C]lacetate and fu- 
marate resulted in a marked depression of the radio- 
activity of the respiratory CO, and, to a lesser 
extent, of the fatty acids (Table 3). 

Effect of p-nitrophenol on oxidation of [carboxy- 
“4C]acetate and on lipogenesis. The addition of 
p-nitrophenol (2 x 10-4m) resulted in the inhibition 
of oxidation of [carboxy-4C]lacetate and, when 
fumarate was present, of lipogenesis as well (Table 1). 
The inhibition of fatty acid synthesis was partly 
reversed by the addition of unlabelled glucose or 


Table 2. Effect of inhibitors on metabolism of acetate 


Mammary homogenate, dry wt., 58-6 mg./vessel. Basal 
medium, fumarate (0-0025m) and _ [carbory-™C]acetate 
(00025), in all flasks. Additions: glucose, 0-005m; 
arsenate, 0-0125m; p-nitrophenol (pNP), 2x 10-'m; 


fluoride, 0-005 M. 
Acetate (jm-moles/100 mg. 


dry wt./hr.) appearing in 


——— OF 
Respiratory Fatty 
Additions -Qo, CO, acids 
None 9-0 1270 1110 
pNP 6-0 440 90 
Arsenate 5-9 220 90 
Glucose 9-5 1170 1910 
Glucose, pNP 14-4 1670 330 
Glucose, arsenate 6-9 280 113 
Fluoride 5-6 292 300 
Fluoride, pNP 4-1 40 <20 


Table 3. Effect of other intermediates and of inhibitors 
on the metabolism of acetate 


Mammary homogenate, dry wt., 53-8 mg./vessel. 
All flasks contained basal medium, [carbory-“C]acetate 
(0:005M) and fumarate (0-0025m). Additions: glucose, 
0-005 m; hexokinase, 18 units; pyruvate, 0-005; arsenate, 
0:025m. Incubation period, 40 min. 

Acetate 
(um-moles/100 mg. 
dry wt./hr.) 
appearing in 
A. 





ss = 
Respiratory Fatty 
Additions -Qo, CO, acids 
None 12-1 1255 618 
pNP, 2 x 10-4 15 578 63 
Glucose 12-5 1250 1330 
Glucose, pNP, 2 x 10-4 15:8 1005 231 
Glucose, hexokinase 18-7 587 866 
Glucose, hexokinase, pNP, 22-2 1268 212 
2x10-4m 
Glucose, hexokinase, pNP, 12-3 212 25 
4x10"! 
Glucose, hexokinase, 12-9 223 39 
arsenate 
Pyruvate 11-8 398 395 
Pyruvate, pNP, 2 x 10-4 30-1 1530 217 
Pyruvate, pNP, 4 x 10-*m 30-8 520 89 
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pyruvate, but this was not so when the concentra- 
tion of p-nitrophenol was increased to 4 x 10-4M. 
As previously described (Terner, 1955a), the addi- 
tion of p-nitrophenol to mammary homogenates 
metabolizing glucose or pyruvate resulted in a 
marked stimulation of respiration. With glucose the 
stimulation of respiration by p-nitrophenol was 
more pronounced when hexokinase was added to 
the system. In the presence of pyruvate or of 
glucose plus hexokinase the increased O, con- 
sumption caused by the nitrophenol was also 
accompanied by an increase in the radioactivity of 
the respiratory CO, derived from the labelled 
acetate. Higher concentration of p-nitrophenol 
(4x 10-4m) inhibited both O, consumption and 
4CO, production (Table 3). 

Effect of p-nitrophenol on metabolism of [2-!4C]- 
pyruvate. When 2-4C-labelled pyruvate was oxi- 
dized in the presence of fumarate, radioactive carbon 
was recovered in the fatty acids and in the respira- 
tory CO,. The addition of p-nitrophenol resulted in 


| a marked decrease in the radioactivity of the fatty 


acids and in a considerable increase in the amount 
of isotope appearing in the CO, (Tables 4 and 5). 


Table 4. Effect of fluoride and p-nitrophenol 
on metabolism of pyruvate 


Mammary homogenate, dry wt., 44-7 mg./vessel. Basal 
medium, fumarate (0-005M) and [2-C]pyruvate (0-005 mM), 
in all flasks. Additions: fluoride, 0-01M; p-nitrophenol 
(pNP), 2x 10-4. Incubation period, 40 min. 

Pyruvate 
(um-moles/100 mg. 
dry wt./hr.) 
appearing in 


eens ey 
Respiratory Fatty 

Additions -Qo, CO, acids 
None 8-4 1 490 1740 
pNP 21-0 9 500 315 
Fluoride 4-6 1 160 1280 
20-1 12 700 335 


Fluoride, pNP 
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Effects of other inhibitors on the metabolism of 
acetate and pyruvate. As reported in previous com- 
munications (Terner, 19546, 19556), fluoride and 
p-nitrophenol inhibited the oxidation of acetate by 
mammary homogenates; similar observations were 
made in liver and kidney preparations by Aisenberg 
& Potter (1955a, b). As shown in Table 2, fluoride 
(0-005m) decreased the amount of radioactive 
carbon derived from [carboxy-C]lacetate appearing 
in both the respiratory CO, and the fatty acids; 
p-nitrophenol caused a further decrease. When 
[2-!4C]pyruvate was the substrate, fluoride caused 
only a slight depression of fatty acid synthesis 
and 4CO, production; the further addition of 
p-nitrophenol resulted in the inhibition of fatty 
acid synthesis, accompanied by a marked accelera- 
tion of O, consumption and CO, production 
(Table 4). 

Arsenate (0-0125—0-02Mm) inhibited respiration, 
14CQO, production and fatty acid synthesis from both 
labelled substrates. 

Anaerobic synthesis of fatty acids from [carboxy- 
14C Jacetate. No measurable synthesis of fatty acids 
from acetate was observed in mammary homo- 
genates showing glycolysis under anaerobic condi- 
tions. Some synthesis occurred, however, when high 
rates of glycolysis were maintained by the addition 
of hexokinase, and this was greatly enhanced by the 
further addition of oxaloacetate. Citrate could 
teplace oxaloacetate (Tables 5-7). No inhibition 
by p-nitrophenol observed in anaerobic 
experiments. 

Aerobic phosphorylation and fatty acid synthesis. 
In view of its inhibitory action on the metabolism of 
acetate, fluoride could not be used to protect the 
phosphorylating system against the action of 
phosphatases. Nevertheless, a net uptake of 
inorganic phosphate could be shown to accompany 
the synthesis of fatty acids from acetate; both 
phosphorylation and fatty acid formation were 
inhibited by p-nitrophenol (Table 7). 


was 


Table 5. Fatty acid synthesis from pyruvate and acetate 


Mammary homogenate. Dry wt., 348 mg./vessel. Basal medium. Additions: [carboxy-“C]acetate, 0-02m; [2-™C]- 
pyruvate, 0-015M; glucose, 0-02M; hexokinase, 90 units; oxaloacetate, 0-02M; p-nitrophenol (pNP), 2 x 10-*m. Volume, 


20 ml. Incubation period, 40 min. 


Additions 
Fumarate, [2-!4C]pyruvate 
Fumarate, [2-“C]pyruvate, pNP 
Fumarate, [carboxy-C]acetate 
Fumarate, [carboxy-4C]acetate, glucose 


Oxaloacetate, [carbory-"C]acetate 
[carboxy-4C]Acetate, glucose, hexokinase 
Oxaloacetate, [carboxy-“C]acetate, glucose, hexokinase 


Labelled substrate 
(um-moles/100 mg. 
dry wt./hr.) appearing in 


Experimental Respiratory Fatty 
conditions -Mo, CO, acids 
Aerobic 8-0 310 560 
Aerobic 11-3 910 108 
Aerobic 9-3 1550 1990 
Aerobic 9-2 1210 3320 

Qc. 
Anaerobic 4:3 ~ 0 
Anaerobic 16-6 - 30 


— 17-9 — 1290 
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Table 6. Anaerobic synthesis of fatty acids from acetate 


Mammary homogenate, dry wt., 58-6 mg./vessel. All flasks contained basal medium, [carboxry-“C]acetate (0-0037m), 
glucose (002M), hexose diphosphate (0-0005m). Additions: oxaloacetate, 0-005M; citrate, 0-0025m. Incubation period, 


45 min. 


Additions 
Oxaloacetate 
Hexokinase (18 units) 
Oxaloacetate, hexokinase (9 units) 
Oxaloacetate, hexokinase (18 units) 
Citrate, hexokinase (18 units) 


Oxaloacetate, citrate, hexokinase (18 units) 


Acetate 
(um-moles/100 mg. 
dry wt./hr.) 
appearing in 


O83. fatty acids 
78 25 
11-5 ll 
9-9 68 
14-1 114 
11-8 347 
12-8 446 


Table 7. Fatty acid synthesis and phosphorylation 


Mammary homogenate, dry wt., 319-7 mg./vessel. Basal medium, [carboxy-“C]acetate (0-01 M) in all flasks. Additions: 
fumarate, 0-01M; oxaloacetate, 0-01M; glucose, 0-02M; hexokinase, 90 units; p-nitrophenol (pNP), 2 x 10-*m. Volume, 


20 ml. Incubation period, 40 min. 


Experimental 

Additions conditions 
Fumarate Aerobic 
Fumarate, pNP Aerobic 
Fumarate, glucose Aerobic 
Fumarate, glucose, hexokinase Aerobic 
Fumarate, glucose, hexokinase, pNP Aerobic 
Oxaloacetate Anaerobic 
Oxaloacetate, glucose Anaerobic 
Oxaloacetate, glucose, hexokinase Anaerobic 


DISCUSSION 


Effect of concentration of fumarate on radioactivity 
of respiratory carbon dioxide. In previous studies the 
amounts of substrates utilized by mammary homo- 
genates were determined by analytical methods, 
and when compared with the amount of oxygen 
consumed were found to be within the range of 
magnitude expected for partial and, under certain 
conditions, complete oxidation (Terner, 1955a). In 
the present investigation the amounts of radio- 
active substrate oxidized, as calculated from the 
amount of C appearing in the respiratory carbon 
dioxide, appeared to be exceptionally small. The 
observation that the radioactivity of the respiratory 
carbon dioxide was depressed by the addition of 
fumarate, which acts as a catalyst for the oxidation 
of C, fragments by the Krebs cycle, shows that 
under the experimental conditions employed the 
amount of “CO, recovered did not give a true 
measure of the amount of substrate passing through 
the citric acid cycle. 

By following the fate of the C, fragment derived 
from acetate or pyruvate through the various stages 
of the cycle (see Potter & Heidelberger, 1950), it can 


Acetate 
(um-moles/100 mg. 
dry wt./hr.) 
appearing in 


—Qo, Qp Qcitric acia fatty acids 
9-9 +2-0 1-4 219 
3-0 +56 0-6 143 
9-9 —2-7 2:7 1010 
9-0 — 9-5 1- 710 
10-2 — 2-5 2-2 319 
Q86. 
1-4 7-0 2-1 60 
d1 +78 2-0 228 
16-7 +2:7 2-1 950 


be seen that the part of citric acid corresponding to 
the C, fragment will not give rise to carbon dioxide 
during the first turn of the cycle. Since in the 
present experiments relatively large amounts of 
fumarate had to be added to promote lipogenesis, 
the specific activity of the fragment passing through 
the fumarate stage of the cycle was considerably 
diminished by isotope dilution, before it was con- 
verted into oxaloacetate and re-entered the cycle in 
a position in the citric acid molecule from which its 
carbon atoms could be evolved as carbon dioxide. 
A gradual rise in the activity of the respiratory 
carbon dioxide, which depends on the speed at 
which the fumarate pool could become labelled with 
4C, must therefore be expected. Such a rise is 
shown in Fig. 1. Furthermore, since in mammary 
homogenates metabolizing pyruvate or acetate in 
the presence of high concentrations of fumarate 
there is accumulation of citric acid in appreciable 
amounts (Terner, 1955a), some of the radioactive 


carbon will be trapped in the citric acid. 


Fatty acids which are formed from C, fragments 
(acetyl-coenzyme A) which have not passed 
through the cycle would be expected to enter the 
pool of preformed fatty acids without previous 
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diminution of their radioactivity by the mechanism 
considered above. However, the oxidative break- 
down of endogenous fatty acids present in mammary 
homogenates is likely to result in the dilution of the 
4C-labelled acetyl-coenzyme A. 

Effect of glucose and pyruvate on the metabolism of 
[earboxy-MC]acetate. Balmain et al. (1952) have 
shown that glucose stimulates the synthesis of 
fatty acids from acetate by rat and sheep mammary 
slices. Popjak & Tietz (1954) confirmed their 
findings in mammary slices; in mammary sus- 
pension, however, these authors found glucose 
ineffective in promoting fatty acid synthesis 
although certain members of the citric acid cycle 
stimulated lipogenesis. In the present paper it has 
been shown that the stimulating action of glucose on 
the synthesis of fatty acids from acetate can be 
demonstrated also in mammary homogenates. 
Since in these preparations which have a low hexo- 
kinase activity (Terner, 1952) glucose is broken 
down relatively slowly, the addition of hexokinase 
may be expected to increase the stimulating action 
of glucose. However, the effect was variable and 
although a net stimulation could be observed in 
some cases, in most experiments the presence of 
hexokinase resulted in a decreased activity of the 
fatty acids. The activity of the respiratory carbon 
dioxide was depressed at the same time, as may be 
expected if the unlabelled acetyl-coenzyme A 


derived from glucose diluted the labelled acetyl- 


coenzyme A derived from acetate. Comparison of 
the ratios of activities of fatty acids and respiratory 
carbon dioxide shows that glucose increased this 
ratio whether added alone or in conjunction with 
hexokinase, so that even when the activity of the 
fatty acids was depressed an actual stimulation of 
fatty acid synthesis seemed indicated. 

The slow breakdown of glucose may also explain 
the different effects of unlabelled glucose and 
pyruvate on the metabolism of [carboxy-“C]lacetate 
in mammary homogenates. Pyruvate invariably 
caused a depression of the activities of the fatty 
acids and the respiratory carbon dioxide derived 
from [carboay-'4C]acetate, in the same experiments 
in which glucose caused stimulation. If the effect of 
glucose were due to the energy produced by its 
oxidation via the Krebs cycle it might be expected 
that glucose and pyruvate should have had the 
same effects. However, because of the relatively 
slow breakdown of glucose, the dilution of the 
[“C]acetyl-coenzyme A may have taken place 
sufficiently slowly to avoid masking the stimulating 
effect of glucose. The acceleration of the metabolism 
of glucose by the addition of hexokinase may be 
expected to produce a dilution effect similar to that 
caused by the metabolism of pyruvate, and this was 
in fact observed (Table 3). 

Effect of p-nitrophenol on fatty inhibition and 
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substrate oxidation. As previously shown (Terner, 
1955a, b), the oxidation of acetate via the citric acid 
cycle was retarded by p-nitrophenol and the oxida- 
tion of pyruvate was accelerated. In the present 
experiments the inhibition of fatty acid synthesis 
from [2-“4C]pyruvate was accompanied by a 
marked stimulation of oxygen consumption and a 
large increase in the radioactivity of the respiratory 
carbon dioxide. Although the inhibition by p- 
nitrophenol of lipogenesis from acetate 
apparently largely due to the retardation of the 
activation of the substrate, the results of experi- 
ments in which pyruvate was the substrate show 
that p-nitrophenol interrupts the chain of reactions 
leading to the formation of fatty acids at a point 
past the formation of acetyl-coenzyme A. 

Reversal of p-nitrophenol inhibition by simul- 
taneous oxidation of other substrates. The finding that 
the inhibitory effect of p-nitrophenol on the oxida- 
tion of acetate and its incorporation into fatty acids 
could in part be reversed by the simultaneous 
oxidation of glucose or pyruvate appears to be 
related to the observation reported in a previous 
paper (Terner, 1956) that under certain conditions 
the inhibition of phosphorylation by p-nitrophenol 
could in part be overcome by the oxidation of sub- 
strates supporting vigorous phosphorylation. It is 
notable that the increased rate of respiration under 
the influence of 2x 10-*m p-nitrophenol was not 
maintained by 4x10-4m p-nitrophenol when 
glucose (in the presence of hexokinase) was the 
substrate, while the oxidation of pyruvate continued 
at the enhanced rate. It appears that p-nitrophenol, 
when present in higher concentration, interfered 
with the initial phosphorylation of glucose. 

Aerobic and anaerobic synthesis of fatty acids. In 
contrast to the respiring homogenates of guinea-pig 
mammary gland employed in the present study the 
preparations of Brady & Gurin (1952) were in- 
sensitive to uncoupling agents such as dinitro- 
phenol. Popjak & Tietz (1955) reported only 30% 
inhibition of fatty acid synthesis from acetate by 
2 x 10-* 2:4-dinitrophenol. Brady & Gurin found 
that cell-free liver preparations synthesized fatty 
acids from acetate equally well under aerobic and 
anaerobic conditions, and it has been pointed out by 
Brady & Gurin (1952) and Baalen & Gurin (1953) 
that lipogenesis in pigeon-liver homogenates may be 
dependent on simultaneous glycolysis. No data 
regarding the respiratory activity of these prepara- 
tions were reported. The mammary homogenates of 
Popjak & Tietz (1954) showed a low respiratory 
activity, as previously observed in rat-mammary 
homogenates, in which the absence of a Pasteur 
effect suggested that the mitochondria had been 
largely destroyed during homogenization (see 
Terner, 1954a). Nevertheless, the preparations 
of Popjék & Tietz (1954) lost 80-90% of their 


was 
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synthetic activity when oxygen was excluded. 
Although these authors added ATP in unusually 
large amounts it seems possible that this was largely 
dissipated under anaerobic conditions, probably 
because of inadequate regeneration by glycolysis. 
It has already been mentioned that because of the 
instability of their hexokinase, mammary homo- 
genates require the addition of external hexokinase 
(Terner, 1952). 

Although no attempt is made to reconcile the 
various findings of different workers in a variety of 
experimental conditions, the results of the present 
study have demonstrated the synthesis of fatty 
acids from pyruvate or acetate, energized by aerobic 
phosphorylations accompanying Krebs-cycle oxi- 
dations in a respiring cell-free system, and the 
anaerobic synthesis of fatty acids from acetate 
presumed to be supported by substrate-level 
phosphorylations. 

Although in some experiments it appeared as 
though ['C]acetate was incorporated into fatty 
acids at similar rates under aerobic and -anaerobic 
conditions, it must be borne in mind that under 
aerobic conditions considerable amounts of un- 
labelled acetyl-coenzyme A derived from glucose 
and endogenous fatty acids would dilute the 
[4C]acetyl-coenzyme A and therefore reduce the 
specific activity of the fatty acids isolated. No such 
dilution would be expected under anaerobic condi- 
tions. The true rate of aerobic synthesis of fatty 
acids must therefore be considered to have been 
considerably greater than under anaerobic condi- 
tions. 

Effect of fumarate and oxaloacetate in promoting 
lipogenesis. Brady & Gurin (1952) and Popjak & 
Tietz (1954) found that oxaloacetate, but not fumar- 
ate, malate or succinate, stimulates lipogenesis from 
acetate. The inertness of the immediate precursors of 
oxaloacetate suggests the absence of an appreciable 
respiratory activity in those systems. According to 
Brady & Gurin, citrate was more effective than 
oxaloacetate in pigeon-liver preparations, but in 
the mammary system of Popjak & Tietz citrate was 
inactive even when supplemented by large amounts 
of ATP. In the present study the effectiveness of 
fumarate in respiring homogenates, and of oxalo- 
acetate” or citrate in conjunction with rapid 
anaerobic glycolysis, have been shown. In respiring 
mammary homogenates the presence of fumarate in 
high concentration results in the accumulation of 
citric acid despite a fully functioning citric acid 
cycle (Terner, 1955a), and it may be significant that 
the same experimental conditions also favour 
aerobic lipogenesis. It is possible that the excessive 
rate of the condensation step results in the forma- 
tion of extra reduced diphosphopyridine nucleotide 
(in the malic dehydrogenase reaction) which may 
facilitate the formation of fatty acids. The effect of 
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oxaloacetate under anaerobic conditions may be 
due to the formation of citrate (Table 7) and iso- 
citrate which, if oxidized to only a small extent, 
may catalyse the formation of fatty acids by pro- 
viding reduced pyridine nucleotide. 


SUMMARY 


1. The aerobic and anaerobic synthesis of fatty 
acids in cell-free homogenates of mammary gland 
has been studied. 

2. In respiring homogenates no measurable 
synthesis of fatty acids from [carboxy-C]acetate or 
[2-'4C]pyruvate was observed in the absence of 
other added substrates. The addition of fumarate in 
increasing amounts (0-00125—0-005M) resulted in 
progressive stimulation of fatty acid synthesis 
accompanied by a progressive decline in the radio- 
activity of the respiratory carbon dioxide. The 
addition of glucose resulted in further stimulation of 
lipogenesis. 

3. When [carboxy-“C acetate was metabolized in 
the presence of fumarate, p-nitrophenol (2 x 10-4m) 
or fluoride (0-005M) inhibited fatty acid synthesis, 
oxygen consumption and CO, production; the 
effects of the two inhibitors were additive. In the 
presence of additional oxidizable substrates such as 
glucose or pyruvate, the inhibitory action of p- 
nitrophenol (2 x 10-*m) was diminished and fatty 
acid synthesis continued at a measurable rate. This 
protective action was, however, abolished when the 
concentration of p-nitrophenol was increased to 
4x 10-‘M. The inhibition of fatty acid synthesis by 
p-nitrophenol was accompanied by inhibition of 
aerobic phosphorylation. 

4. The addition of p-nitrophenol to homogenates 
metabolizing [2-'4C]pyruvate in the presence of 
fumarate resulted in marked inhibition of lipo- 
genesis, while oxygen consumption and CO, pro- 
duction were increased. These effects of p-nitro- 
phenol were not modified by fluoride, which caused 
only slight inhibition of fatty acid synthesis. 

5. Arsenate inhibited lipogenesis from acetate 
and from pyruvate. 

6. Under anaerobic conditions, fatty acid syn- 
thesis from [carboxy-“C]acetate was demonstrated 
in mammary homogenates showing rapid glycolysis 
to which either oxaloacetate or citrate had been 
added. 

I wish to thank Dr 8. J. Folley, F.R.S., for his interest 
and Mr B. W. E. Peaple for the counting of radioactive 
samples. 
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THE EFFECT OF 8-AZAGUANINE UPON ENZYME FORMATION 


IN STAPHYLOCOCCUS AUREUS* 
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University of Cambridge 
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In a previous paper in this series Gale & Folkes 
(1955) showed that enzyme formation in disrupted 
Staphylococcus was dependent upon nucleic acids. 


| They found that the formation of catalase, gluco- 


zymase and f-galactosidase was stimulated by 
staphylococcal deoxyribonucleic acid (DNA) and 
that staphylococcal ribonucleic acid (RNA) en- 
hanced the formation of catalase and glucozymase. 
The formation of B-galactosidase was not affected by 
RNA, synthesis of this enzyme being dependent 
upon a supply of purines and pyrimidines and being 
abolished by ribonuclease. Pardee (1954), studying 
the formation of f-galactosidase by mutants of 
Escherichia coli that require uracil, found that 
enzyme formation took place only in the presence of 
added uracil and, if the supply of uracil was limiting, 
enzyme formation ceased when the_ uracil was 
exhausted. He concluded that RNA synthesis was 
essential for induced enzyme formation to occur. 
Similar conclusions have been drawn by Spiegelman, 
Halvorson & Ben-Ishai (1955) as a result of studies 
upon inducible enzyme formation in FZ. coli and in 
yeast. 

Many workers (see reviews by Wright, 1951; 
Bendich, 1955) have shown that analogues of 
purines and pyrimidines are capable of preventing 
the growth of a large number of micro-organisms. 
It has also been found that certain analogues of this 


* Part 21: Gale & Folkes (1955). 

7 Present address: Department of Terrestrial Mag- 
netism, Carnegie Institution of Washington, Washington, 
D.C., U.S.A. 


type are capable of inhibiting the formation of 
inducible enzymes. Chantrenne & Courtois (1953) 
showed that catalase formation in baker’s yeast was 
inhibited by 2-thiouracil; Spiegelman et al. (1955) 
demonstrated that £-galactosidase synthesis in F. 
coli could be prevented by 5-hydroxyuridine, and 
Creaser (19556) found that 8-azaguanine and 2:6- 
diaminopurine reduced the rate of B-galactosidase 
formation in Staphylococcus aureus. Matthews 
(1954) showed that 8-azaguanine was incorporated 
into the nucleic acid of tobacco mosaic virus, and 
Lasnitzki, Matthews & Smith (1955) found that this 
analogue could become incorporated into the RNA 
of several tissues and organisms, but not into the 
DNA. Several workers have shown that the 
inhibitory effect of 8-azaguanine can be reversed by 
guanine, guanosine or xanthine (see Wright, 1951; 
Bendich, 1955). 

The present work describes investigations into 
the necessity for RNA synthesis during enzyme 
formation in Staph. aureus, 8-azaguanine being used 
as an inhibitor of induced enzyme formation. 
A preliminary account of some of the work has 
already appeared (Creaser, 1955c). 


METHODS 


Organism. Two strains of Staph. aureus (Micrococcus 
pyogenes var. aureus) have been used in this work. Except 
where stated the strain Dunn was used; in some experiments 
the Duncan strain, as used by Gale & Folkes (1955), was 
employed. Growth and harvesting of the organism was 
normally carried out as described previously (Creaser,1955a). 
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In some cases a growth medium of casein hydrolysate 
(33 g./l.), Marmite (1 g./l.) and glucose (1 g./l.) was 
used. Aerobic growth was obtained in the apparatus 
described by Mitchell (1949); anaerobic growth was carried 
out in a MeIntosh—Fildes jar under an atmosphere of 
H, +CO, (95:5). 

Incubation mixtures. Two systems were used for the 
development of enzymic activities in washed suspension. 
System A comprised salts, amino acids, galactose (20 mg./ 
mil.), glucose (1 mg./ml.) and washed Staph. aureus (2 mg./ 
ml.). System B differed from the above in that the galactose 
was omitted and the glucose concentration was 10 mg./ml. 
Both systems were maintained at 37° and were aerated. 
Details of the amino acid and salts solutions used have been 
given previously (Creaser, 1955). 

Estimation of enzymic activity. Cells were centrifuged 
from their growth or incubation media at 3000 g, washed 
once in water and made into an aqueous suspension which 
was then used for the assay of enzymic activity. Glucozy- 
mase was estimated by the method of Gale & Folkes (1955) 
and £-galactosidase was measured as described by Creaser 
(1955a). Catalase activity was determined manometrically 
as follows: 1-0 ml. of the cell suspension under test was 
placed in the main compartment of a Warburg manometer 
cup with 1-0 ml. of phosphate buffer (0-2m, pH 7-0). In the 
side arm was 1-0 ml. of a ‘10 vol.’ solution of H,O,. The 
manometers were assembled and equilibrated at 25°. At 
zero time the contents were mixed and the gas output was 
recorded at intervals of 30 sec. It was found that the rate of 
gas output was constant over the period from 1 to 5 min. 
after the start of the reaction, and this constant rate was 
taken as a measure of the catalase activity of the cells under 
test. 

Identification of nucleic acid componenis. For this purpose 
500 mg. dry wt. of cells was treated with trichloroacetic acid 
(TCA) at a final concentration of 50 mg. of TCA/ml. and 
held at 5° for 2 hr. The precipitate which formed was sedi- 
mented at 3000 g, washed once with TCA solution (50 mg./ 
ml.) and re-sedimented, the supernatant fluids being 
discarded. The precipitate was dissolved in 5-0 ml. of 
n-NaOH by incubation at 37° for 15 hr. The solution was 
then made n with respect to HCl and left at 5° for 2 hr. The 
precipitate which formed (DNA fraction) was sedimented at 
3000 g, washed once with N-HCl and re-sedimented. The 
supernatant fluids (RNA fraction) were pooled and both 
fractions were lyophilized. The two dried materials were then 
hydrolysed with 72% (w/w) HClO, at 100° for 2 hr., and 
chromatographic analysis for purines and pyrimidines was 
performed as described by Wyatt (1951). 

Incorporation of radioactive uracil. Randomly labelled 
{4C]juracil (specific activity 2-5 mc/m-mole) was prepared 
from residues obtained from the Radiochemical Centre, 
Amersham, and in some experiments was added at a con- 
centration of 10yug./ml. to the systems described above. 
After incubation, the cells (3-7 mg. dry wt.) were treated as 
above as far as the stage of drying the two fractions. These 
were then dissolved in N-NH, soln. and measured samples 
were applied to polythene planchettes (2 cm.?). A drop of 
2% (w/v) cetyltrimethylammonium bromide was added, the 
planchette contents were dried at 37° and their radioactivity 
was assayed with a Geiger—Miiller tube in association with a 
Panax-type 100c counter. Observed counts were corrected 
for background radiation and expressed as pmg. of pyri- 
midine incorporated/mg. dry wt. of cells. 
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RESULTS 
Enzyme formation in washed suspension 

It was found previously that B-galactosidase forma- 
tion would occur in system A described above 
(Creaser, 1955a). Also, formation of catalase and 
glucozymase could be observed in both A and B. In 
both systems catalase and glucozymase were 
formed linearly for at least 3 hr. ; 8-galactosidase was 
formed in system A after a lag of 30-60 min. 
Formation of all three enzymes was dependent upon 
a supply of amino acids in the incubation mixture 
and was prevented by the addition of 10 yg. of 
chloramphenicol/ml. No significant amount of 
bacterial growth (measured turbidimetrically) 
could be observed during the course of the experi- 
ments described below. 


Inhibition of enzyme formation by 8-azaguanine 


Upon addition of 8-azaguanine to the incubation 
mixtures detailed above there was an inhibition of 
the formation of catalase and _ f-galactosidase 
(Fig. 1). This inhibition was constant from one 


100 


50 


Percentage inhibition of enzyme formation 


1 10 100 


8-Azaguanine (g./ml.) 

Fig. 1. Effect of 8-azaguanine concentration on the forma- 
tion of catalase and f-galactosidase. Cells formed 
catalase for 3 hr. in system B and f-galactosidase in 
system A for 3hr. Percentage inhibition of enzyme 
formation is calculated as 

increased enzymic activity in 


the presence of 8-azaguanine 


100 — | 100 x - 


increased enzymic activity in 
the absence of 8-azaguanine 


@, Catalase formation; O, B-galactosidase formation. 
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experiment to another, no significant enzyme 
formation occurring in the presence of 100 ug. of 
§-azaguanine/ml. On the other hand, the formation 
of glueozymase exhibited marked variations in 
sensitivity to inhibition by 8-azaguanine, but in all 
cases was much less sensitive to inhibition than was 
the formation of either catalase or B-galactosidase. 

Spiegelman et al. (1955) showed that 5-hydroxy- 
uwidine would inhibit the formation of B-galacto- 
sidase in £. coli when added after induction. Fig. 2 
shows that a similar effect was observed when 
p-galactosidase formation in Staph. aureus was 
inhibited by 8-azaguanine. If 100 yg. of 8-azagua- 
nine/ml. was added at the start of the experiment 
there was little enzyme formation. If the analogue 
was added during the course of the experiment 
enzyme formation was inhibited and soon ceased. 
Similar results were obtained when catalase forma- 
tion was studied. 


Mechanism of action of 8-azaguanine 


Cells of Staph. aureus, in which the formation of 
8-galactosidase had been suppressed by the addi- 
tion of 100 ng. of 8-azaguanine/ml. to the system, 
were fractionated by the procedure described above. 
The purine—pyrimidine composition of the two 
fractions was then determined from the chromato- 
graphic properties and the ultraviolet-absorption 
spectra of the components observed. It was found 
that the RNA fraction contained adenine, guanine, 
§8-azaguanine, cytosine and uracil, and the DNA 
fraction contained adenine, guanine, cytosine and 
thymine. The incorporation of 8-azaguanine into 
the RNA but not the DNA fraction agrees with 
the findings of Lasnitzki ef al. (1955). When the 
RNA fraction was not hydrolysed further, but was 
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f -Galactosidase activity 
(units/mg. dry wt. of cells) 
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0 1 Zz 3 
Time of incubation (hr:) 


Fig. 2. Effect of addition of 8-azaguanine during f- 
galactosidase formation. Cells were forming enzyme in 
system A and 8-azaguanine was added at times indicated 
by arrows to a final concentration of 100yg./ml. @, 
Enzyme formation in uninhibited systems; O, enzyme 
formation after addition of 8-azaguanine. 
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subjected to filter-paper electrophoresis as de- 
scribed by Matthews (1954), a component was 
present which had the electrophoretic mobility and 
ultraviolet-absorption spectrum of 8-azaguanylic 
acid. It was found that under the conditions used 
for enzyme formation by washed suspensions of 
Staph. aureus there was a net synthesis of RNA of 
the order of 10% in 3 hr. (Creaser, in preparation). 
Sufficient 8-azaguanine was incorporated into the 
RNA in the experiment above to make it highly 
probable that all the RNA synthesized in the 
presence of 8-azaguanine contained this analogue. 
Carbon from [!4C]juracil was incorporated into 
Staph. aureus as uracil, thymine and cytosine and it 
is thus possible to measure the incorporation into 
the pyrimidines of both DNA and RNA in the same 
sample of cells. It is shown elsewhere that this 
incorporation can be used as a measure of the 
synthesis of RNA and DNA (Creaser, in prepara- 
tion). It was found that 8-azaguanine, at concentra- 
tions which prevented enzyme formation, did not 
reduce the incorporation of radioactivity from 
[*4C]uracil into the nucleic acids of Staph. aureus. 


Effect of glucose upon the inhibition of 
enzyme formation by 8-azaguanine 


It has been shown previously (Creaser, 1955) 
that glucose increases the stimulation of B-galacto- 
sidase formation by purines and pyrimidines. It 
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Percentage inhibition of enzyme formation 
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10 20 50 100 
8-Azaguanine (yg./ml.) 


Fig. 3. Effect of glucose upon inhibition of B-galactosidase 
formation by 8-azaguanine. @, Effect of 8-azaguanine 
concentration upon £-galactosidase formation in system 
A in 3 hr.; O, response when glucose was omitted from 
the system. 
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was not unreasonable to suppose therefore that 
glucose would enhance the effect of an unnatural 
purine upon f-galactosidase formation. Fig. 3 
shows that a given concentration of 8-azaguanine 
produced a much larger inhibition of B-galacto- 
sidase formation in the presence of glucose than 
when glucose was omitted from the system. It was 
observed that the amount of 8-azaguanine in- 
corporated into the RNA fraction was 60% less 
when glucose was absent. 


Effect of age of culture upon inhibition of 
enzyme formation by 8-azaguanine 


Fig. 4 shows that there is a difference in the 
sensitivity of B-galactosidase formation and gluco- 
zymase formation to inhibition by 8-azaguanine, in 
that the former process is prevented by the analogue 
at all stages of growth, whereas the latter synthesis 
is inhibited only at certain phases in the growth 
cycle. It seems probable that this variation in the 
sensitivity of glucozymase formation at different 
stages of growth is the reason why a constant degree 
of inhibition of glucozymase formation by 8-aza- 
guanine was not observed. With Staph. aureus Dunn, 
catalase formation was always sensitive to inhibi- 
tion by 8-azaguanine, thus resembling f-galacto- 
sidase formation. In the Duncan strain, however, 
catalase formation was similar to glucozymase 
formation, being inhibited by 8-azaguanine only at 
certain stages in the growth cycle. A further 
difference between the two strains with respect to 
catalase formation is shown in Table 1. This shows 
that, under identical conditions, there is a greater 
synthesis of catalase in strain Dunn than in strain 
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Growth (hr.) 
Fig. 4. Effect of cultural age of cells upon inhibition of 

enzyme formation by 8-azaguanine. Cells were grown in 
casein hydrolysate medium; growth is shown by the 
broken line, which is a logarithmic plot of optical density 
against time. At the times indicated samples of organism 
were removed, harvested and washed, and incubated in 
the appropriate system in the presence or absence of 
300 yg. of 8-azaguanine/ml. The percentage inhibition of 
enzyme formation by 8-azaguanine was calculated and the 
curves show the relationship between this inhibition and 
the cultural age of the cells. A: B-galactosidase formation; 
cells were grown aerobically and incubated in system 4 
for 3hr. B: Catalase formation in Staph. aureus Dunn; 
cells were grown anaerobically and incubated in system 
B for 2 hr. C: Glucozymase formation; cells were grown 
anaerobically and incubated in system B for 3 hr. 
D: Catalase formation in Staph. aureus Duncan; cells were 
grown anaerobically and incubated in system B for 2 hr. 





Table 1. Effect of 8-azaguanine upon catalase formation at different stages in the growth cycle 
of two strains of Staphylococcus aureus 


Cells were grown anaerobically in casein hydrolysate medium for the time shown. They were then harvested, washed 
and incubated for 2 hr. in system B in the presence or absence of 300 yg. of 8-azaguanine/ml. The initial and final catalase 
activities were measured and the percentage inhibition of enzyme formation by 8-azaguanine was calculated. Catalase 
activity is expressed as Qo, at 25° (ul. of O, evolved/hr./mg. dry wt. of cells). Inhibition (%) calculated as 


100 - (100 x5=*).. 


Growth c 


Catalase activity (Qo, at 25°) 
A. 


b-a 


Inhibition of 
catalase formation 





. 
period (6) Final (c) Final Ratio by 8-azaguanine 
(hr.) (a) Initial no inhibitor +8-azaguanine (b) : (a) (% 
Staph. aureus Dunn 
1 21 500 495 000 56 000 23 93 
2 23 600 840 000 56 500 35:5 96 
4 21 000 760 000 87 500 36 91 
6 11 000 575 000 39 000 52 95 
12 2 500 445 000 20 000 118 96 
Staph. aureus Duncan 
1 250 000 565 000 340 000 2-3 71 
2 314 000 640 000 574 000 2-0 20 
i 210 000 560 000 560 000 2-7 0 
6 292 000 550 000 561 000 1-9 0 
12 78 000 200 000 165 000 2-6 29 
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Table 2. Effect of purines and pyrimidines upon inhibition of B-galactosidase formation by 8-azaguanine 


Cells were incubated in system A, in the presence or absence of 100 yg. of 8-azaguanine/ml., with the addition of the 
purine or pyrimidine base detailed below. After incubation for 3 hr. the B-galactosidase activity was determined and the 
percentage inhibition of enzyme formation by 8-azaguanine calculated. B-Galactosidase activity is expressed as enzyme 
units: (1 unit is the amount of enzyme liberating 1 ~m-mole of o-nitrophenol from o-nitrophenyl-8-p-galactopyranoside in 


lhr. under the conditions described by Creaser, 1955a). 


B-Galactosidase formation 
(units/mg. dry wt. of cells) 


sooo 


Purine or 
pyrimidine added 
(final concn. 10 yg./ml.) 


Nil 1520 
Adenine 572 
Guanine 1720 
Xanthine 2100 
Hypoxanthine 2060 
Uracil 2040 
Thymine 1720 


Duncan. Furthermore, the initial catalase activity 
of the cells, as harvested from the growth medium, 
is greater in the Duncan than in the Dunn strain. 


Reversal of inhibition caused by 8-azaguanine 


Table 2 shows that the inhibition of B-galacto- 
sidase formation by 8-azaguanine could be reversed 
by the further addition of guanine or xanthine or 
hypoxanthine to the system. Adenine normally 
inhibited £-galactosidase formation when it was 
added as the only purine supplement to the system. 
On the rare occasions when it did not inhibit, 
adenine was much less effective than the other 
purines tested in reversing the effects of 8-aza- 
guanine. Results ideniical with those shown in 
Table 2 were obtained when catalase formation was 
studied. The addition of either uracil or thymine did 
not affect the inhibition of either catalase or f- 
galactosidase formation by 8-azaguanine. Reversal 
of inhibition was still possible when guanine was 
added after 8-azaguanine. Fig. 5 shows that, with 
B-galactosidase formation, such reversal was 
obtained when guanine was added up to’2 hr. after 
the analogue. The rate of ‘reversed’ synthesis 
decreased as the time of exposure was prolonged. 
This decrease in rate was more marked with catalase 
formation, where no reversal was observed: after 
the cells had been exposed to the analogue for 
90 min. or longer. 

Matthews (1954) found that the inhibition of the 
formation of tobacco mosaic virus by 8-azaguanine 
could be reversed by guanosine. When plants were 
treated with guanosine plus 8-azaguanine, the 
amount of 8-azaguanine incorporated into the 
virus nucleic acid was less than when 8-azaguanine 
was used alone. This type of effect was not found in 
the present work. Addition of guanine to a system, 
in concentration sufficient to reverse the effects of 


8-Azaguanine 
absent 


Inhibition of 
formation by 


8-Azaguanine 8-azaguanine 


present (%) 
16 99 

24 96 
1880 0 
1240 41 
1120 46 
48 98 

28 98 
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Fig. 5. B-Galactosidase formation after addition of guanine 
to a system inhibited by 8-azaguanine. Cells were incu- 
bated in system A with the addition of 100yug. of 8- 
azaguanine/ml.; 8-galactosidase formation in this system 
isshown by curve C. At times indicated by arrows guanine 
was added to a final concentration of 10yug./ml. Sub- 
sequent enzyme formation curves are described by figures 
showing time (hr.) of addition of guanine. 


8-azaguanine, did not reduce the amount of 8- 
azaguanine incorporated into RNA. However, 
upon such reversal there was an increase in the 
amount of carbon from [*4C]uracil incorporated into 
the nucleic acid, this increase being more marked in 
the RNA fraction (Table 3). 

It was also found that there was an optimum 
concentration of glucose for the reversal of 8- 
azaguanine inhibition by guanine, this concentra- 
tion being different from that which was optimum 
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Table 3. Reversal of 8-azaguanine inhibition of enzyme formation by guanine 


Cells were incubated in system <A, in the presence of 100 yg. of 8-azaguanine/ml. and in the absence or presence of 10 yg. 
of guanine/ml. In both cases 10 wg. of [C]uracil/ml. was present. After 3 hr., enzyme formation and incorporation of 


radioactivity were measured. 


Process 


Catalase formation (increase in Qo, at 25°) 


B-Galactosidase formation (increase in 


units/mg. of cells) 


Incorporation of carbon from [!*C]uracil 
into RNA (umg. of uracil/mg. of cells) 


Incorporation of carbon from [4C]uracil 
into DNA (umg. of uracil/mg. of cells) 


for enzyme formation. Thus catalase formation in 
system B was greatest when the glucose concentra- 
tion was 3 mg./ml. or more, whereas the reversal, 
by guanine, of the inhibition of catalase formation 
by 8-azaguanine was maximal when the glucose 
concentration was 1 mg./ml. It has been shown that 
stimulation of B-galactosidase formation by glucose 
is optimum when the glucose concentration in the 
system is 1 mg./ml. (Creaser, 1955a). In Fig. 5 it 
can be seen that the effect of guanine was greatest 
when the natural purine was added 30 min. after 
the analogue. It seems probable that in this time 
the metabolic activities of the bacteria had reduced 
the glucose concentration in the medium to a level 
which was optimum for the reversal, by guanine, of 
the inhibition of £-galactosidase formation caused 
by 8-azaguanine. 


DISCUSSION 


The phrase ‘enzyme formation’ has been used 
throughout this work because rigid proof that 
increases in enzymic activity correspond quanti- 
tatively to synthesis of apoenzyme protein in 
Staph. aureus is not available. However, it can be 
shown that enzyme formation occurs only under 
conditions in which protein synthesis takes place. 
Gale & Folkes (1953) showed that washed sus- 
pensions of Staph. aureus would synthesize protein 
only when supplied with a complete mixture of 
amino acids and that protein synthesis was abolished 
by 10,g. of chloramphenicol/ml.; these observa- 
tions are equally true for the three enzymes whose 
formation has been studied in this work. Further- 
more, the similarity between the degree of enzyme 
formation in intact cells and in the disrupted-cell 
system of Gale & Folkes indicates that the relation- 
ship between enzyme activity and enzyme content 
is not grossly disproportionate. 

Matthews (1954) found that the incorporation of 
8-azaguanine into the nucleic acid of tobacco 


mosaic virus was accompanied by a decrease in 
infectivity of the virus. This implies that the 
ability of the virus nucleic acid to promote the 


In the presence of 


In the presence of 
8-azaguanine + guanine 


8-azaguanine 


30 000 428 000 
22 3 132 
204 1 180 
43 137 


synthesis of protein had been impaired by such 
incorporation, and it is suggested that, in the case of 
Staph. aureus, incorporation of 8-azaguanine into 
the RNA likewise renders it incapable of catalysing 
the synthesis of enzyme proteins. It has been found 
that the incorporation of guanine into the nucleic 
acid of Staph. aureus is not a reversible process 
(Creaser, unpublished work), and thus 8-azaguanine 
could only become incorporated into RNA when 
synthesis of this material was occurring. Hence 
inhibition of enzyme formation by 8-azaguanine in 
Staph. aureus indicates that such formation is 
dependent upon RNA synthesis. The observation 
that addition of 8-azaguanine inhibits further 
synthesis of catalase and f-galactosidase when 
added during the course of enzyme formation shows 
that a continuous synthesis of RNA is essential for 
induced enzyme formation to occur. This conclusion 
was arrived at previously by Pardee (1954) and 
Spiegelman e¢ al. (1955), using different methods of 
approach. 

It is, however, necessary to ask whether con- 
tinuous RNA synthesis is essential for the formation 
of all enzymes. The experiments shown in Fig. 3 
indicate that this is not so. Formation of - 
galactosidase, and the catalase of Staph. aureus 
Dunn, is completely inhibited by 8-azaguanine at 
all stages of growth, and thus it seems that forma- 
tion of these enzymes is always dependent upon co- 
synthesis of RNA. The formation of glucozymase, 
and the catalase of Staph. aureus Duncan, is 
resistant to inhibition by 8-azaguanine at most 
stages in the growth cycle, and it is therefore 
suggested that formation of these two enzymes is 
not normally dependent upon RNA synthesis, such 
dependence occurring only at certain stages in the 
growth cycle and never being complete. 

It is possible that when RNA synthesis appears to 
be essential for enzyme formation to occur, it is 
because the RNA which promotes the synthesis of 
these particular enzymes is of short active life, and 
continuous new synthesis is needed for uninter- 
rupted enzyme formation. In the work described 
above such a concept would mean that the RNA 
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responsible for the formation of £-galactosidase, 
and the catalase of the Dunn strain, is of short active 
life, whereas the RNA responsible for the synthesis 
of glucozymase, and the catalase of the Duncan 
strain, is of long active life. Such a hypothesis 
would accord with the results of Gale & Folkes 
(1955) who studied enzyme formation in disrupted 
Staph. aureus Duncan. These authors harvested 
their cells during the period of active growth and 
found that, whereas the formation of catalase and 
glucozymase was stimulated by staphylococcal 
RNA, formation of B-galactosidase was not affected 
by RNA but required the presence of RNA pre- 
cursors. 

In Staph. aureus the enzyme f-galactosidase is 
adaptive (Creaser, 1955a) and glucozymase is con- 
stitutive (Gale & Folkes, 1955). With catalase for- 
mation, the results shown in Table 1 indicate that it 
is adaptive in strain Dunn and constitutive in strain 
Duncan. Thus in cases of enzyme formation where 
the involvement of an RNA of short active life has 
been postulated the enzyme is adaptive. Where an 
RNA of long active life appears to promote enzyme 
formation the enzyme is a constitutive one. The 
elucidation of whether or not this apparent correla- 
tion is fortuitous or is a general phenomenon in 
enzyme formation must await further investigation. 


SUMMARY 


1. The formation of £-galactosidase and catalase 
by washed suspensions of Staphylococcus aureus 
Dunn is inhibited by the purine analogue 8- 
azaguanine. Inhibition can be observed when the 
analogue is added during the course of enzyme 
formation subsequent to induction. 

2. Addition of 8-azaguanine does not diminish 
nucleic acid synthesis by washed suspensions of 
Staph. aureus, as measured by the incorporation of 
[#Cjuracil, but the analogue becomes incorporated 
into the cellular ribonucleic acid (RNA). 

3. The formation of f-galactosidase, and of 
catalase in Staph. awreus Dunn, is almost completely 
inhibited by 8-azaguanine, no matter at which 
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stage of growth the cells used in the experiment 
are harvested. Formation of glucozymase and of 
catalase in Staph. aureus Duncan is much less 
sensitive to inhibition by 8-azaguanine, and 
completely insensitive at certain stages of growth. 

4. Inhibition of enzyme formation by 8-aza- 
guanine can be reversed by the further addition of 
guanine or xanthine or hypoxanthine to the system. 
When inhibition of enzyme formation by 8-aza- 
guanine is reversed by guanine there is no diminu- 
tion in the amount of 8-azaguanine incorporated 
into RNA, but nucleic acid synthesis, as measured 
by incorporation of [/4C]uracil, is increased. 

5. The implications of these findings in relation to 
involvement of RNA synthesis in enzyme formation 
are discussed, and it is suggested that the formation 
of different enzymes is promoted by types of RNA 
with different lengths of active life. 


The author wishes to express his thanks to the Medical 
Research Council for a Scholarship for training in Research 
Methods, and to Dr E. F. Gale, F.R.S., and Dr R. Davies for 
much helpful advice and encouragement. 
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Diamine oxidase is the enzyme responsible for the 
oxidative deamination of diamines such as cada- 
verine and putrescine. It is claimed that histamine 
is also a substrate for this enzyme, and that hist- 
aminase and diamine oxidase are one and the same 
enzyme (Zeller, 1951). This view is not, however, 
accepted by all workers (Kapeller-Adler, 1951). 

The nature of the prosthetic group of histaminase 
or diamine oxidase has also not been clearly demon- 
strated. It has been suggested (Kapeller-Adler, 
1949) that flavin-adenine dinucleotide (FAD) is 
associated with histaminase and is necessary for its 
activity (Zeller, 1951). Werle & Pechmann (1949) 
showed that diamine oxidase from plants could be 
activated by pyridoxal. In a preliminary note 
Sinclair (1952) presented certain evidence to show 
that pyridoxal phosphate is a coenzyme of hist- 
aminase, and suggested that the clinical signs of 
pyridoxine deficiency might be caused by an in- 
creased level of histamine; since, however, the con- 
centration of histamine was found not to be raised, 
he later rejected this hypothesis concerning the 
lesions (Sinclair, 1953). Recently, in experiments on 
rats, he has shown that the level of histamine is 
significantly lower in deficiency of vitamin B,, 
which is consistent with pyridoxal phosphate’s 
being a coenzyme of histidine decarboxylase 
(Buxton, Mayer & Sinclair, 1956). 

On the basis of work presented in this paper it 
now appears that pig-kidney diamine oxidase and 
histaminase are a single enzyme with pyridoxal 
phosphate as the coenzyme. 


EXPERIMENTAL 


Diamine oxidase. A partially purified enzyme extract was 
prepared from pigs’ kidneys by the method of Born (1953). 

Cysteine sulphinic acid decarboxylase. A chilled rat liver 
was homogenized in water (25%, w/v) and the homogenate 
was centrifuged at 8000g for 10 min. at 0°. The super- 
natant was treated with (NH,),SO, and then centrifuged at 
15000 g for 10 min. The fraction obtained when the concen- 
tration of (NH,),SO, was increased from 10 to 50% satura- 
tion was dialysed for 1-2 hr. against running tap-water; 
1 ml. of dialysate was equivalent to 150 mg. of fresh liver. 

Substrates and inhibitor. Cadaverine dihydrochloride 
(final conen. 0-04M), histamine phosphate (final concn. 
0-025M) and cysteine sulphinic acid (final concen. 0-01m) 
were used as substrates. isoNicotinic acid hydrazide 
(isoniazid, Rimifon) was used as an inhibitor. 


Manometric estimations. The diamine oxidase prepara- 
tion (3 ml.) was placed in the main compartment of a two- 
armed Warburg flask, 0-5 ml. of cadaverine and 0-5 ml. of 
inhibitor or water were placed in each side arm and 0-2 ml, 
of 2N-KOH was placed in the centre well of each flask. The 
flasks were gassed with O, for 6 min. and equilibrated for 
10 min. before adding the inhibitor. The bath temperature 
was 37°. In all other respects the experimental methods 
previously reported for enzyme inhibition were used 
(Davison, 1956). Cysteine sulphinic acid decarboxylase 
activity was determined in 2 ml. of dialysate with addition 
of 0-067m Sorensen’s phosphate buffer, pH 7-4, to give a 
final volume of 4 ml. The methods used were otherwise as 
previously reported (Davison, 1956). 


RESULTS 


Identity of histaminase and diamine oxidase. The 
findings of Zeller (1938) and Kapeller-Adler (1949), 
showing that there is no summation of the oxygen 
uptake of cadaverine or histamine when they are 
added together to diamine oxidase, has been con- 
firmed. Further, enzyme activity, as measured by 
oxidation of either of the two substrates, is affected 
in the same way by heating (Table 1). 

Attempted separation of apoenzyme and coenzyme. 
A partially purified diamine oxidase preparation 
was 50% saturated with ammonium sulphate, and 
the precipitate obtained after centrifuging at 
15000 g for 10 min. was suspended in a little water. 
The suspension was dialysed for 70 hr. against 
distilled water at 4°. Attempts to activate this 
dialysate and also the original preparation by 


Table 1. Thermal inactivation of diamine oxidase 


Diamine oxidase (6 ml.) was heated for 10 min. at the 
stated temperature. After cooling in ice, the O, uptake at 
37° of 2-8 ml. was determined with cadaverine (0-04) and 
histamine (0-04™) as substrates. 





Histamine Cadaverine 

Pa ( —— + 

O, uptake Activity O, uptake Activity 
Temp. (yl./min.) (%) (yl./min.) (%) 
37-50° 0-9 100 3°33 100 

(mean of 6) 

55 0-95 105 3-93 118 
60 1-05 117 4-23 126 
70 0-79 88 3-14 94 
72-5 0-42 47 1-42 43 
75 0-18 20 0-51 15 
77-5 0 0 0 0 
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incubation with 100 yg. of pyridoxal phosphate/ 
Warburg flask for 30 min. at 37° were unsuccessful. 
In another experiment, when diamine oxidase was 
incubated for 30 min. with deoxypyridoxine phos- 
phate (10-*m) at 37°, there was no inhibition of 
enzyme activity. It was therefore concluded that 
if pyridoxal phosphate was present as coenzyme it 
was very strongly bound to the apoenzyme. 

Inhibition by isonicotinic acid hydrazide. Various 
concentrations of isonicotinyl hydrazide were 
incubated with diamine oxidase at 37° in Warburg 
flasks. At, different times substrate (either cada- 
verine or histamine) was added and the residual 
enzyme activity determined. Similar experiments 
were carried out with cysteine sulphinie acid 
decarboxylase and isonicotinic acid hydrazide. 
Fig. 1 shows the inhibition produced when ‘so- 
nicotinic acid hydrazide (5 x 10-4m) was incubated 
with the enzyme solutions. 

It will be seen that the rates of inhibition are 
similar for both enzymes. The rates of inhibition 
have been calculated from a separate graph where 
log percentage activity was plotted against concen- 
tration x time (this including all experiments with 
varying isonicotinic acid hydrazide concentration 
and incubation times). The approximate rate 
constant for each reaction, calculated from the 
slope of the line determined by the method of least 
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Fig. 1. Inhibition of diamine oxidase and cysteine sul- 
phinic acid decarboxylase by isonicotinic acid hydrazide. 
isoNicotinic acid hydrazide (5 x 10-*m) was incubated 
with diamine oxidase or cysteine sulphinic acid de- 
carboxylase for different times at 37° before adding 
cadaverine ( x ), histamine (A) or cysteine sulphinic acid 
(QO). The method used is described in the text. Where 
several values have been obtained for each point the mean 
has been plotted. 
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squares, was 83 min.~! ].mol.-! (cysteine sulphinic 
acid decarboxylase), 85 min.—!1.mol.-! (diamine 
oxidase with cadaverine) and about 69-5 min.-} 
l.mol.—! (histamine as substrate). Since the enzyme 
activity with histamine as substrate is low, this 
last value was subject to large errors. 

It is of interest that incubation of 2x 10-*m 
isonicotiny! hydrazide with monoamine oxidase for 
20 min. at 37° resulted in only slight inhibition. 

Reactivation by pyridoxal phosphate after inhibi- 
tion by isonicotinic acid hydrazide. For this work 
diamine oxidase was prepared by adding cold ace- 
tone (about 4°) to a 50% (w/v) aqueous suspension 
of pig kidney, resuspending the insoluble residue in 
acetone and then following the method of Born 
(1953). The diamine oxidase was incubated with 
isonicotinic acid hydrazide (10-*m) for 30 min. at 
37°. The inhibited enzyme and a control were 
dialysed for 3 hr. at 4° against distilled water. 

The effect of incubating the dialysed enzyme 
preparation with pyridoxal phosphate for 30 min. at 
37° was examined. Fig. 2 shows that some reacti- 
vation occurs at the higher pyridoxal phosphate 
concentration. Similar reactivations could not be 
obtained by addition of pyridoxal or pyruvate 
(100 pg./flask). 

It has been noted that diamine oxidase prepared 
by adding cold acetone (—5°) directly to dried- 
kidney slices cannot be easily reactivated by 
pyridoxal phosphate after treatment with iso- 
nicotinic acid hydrazide. 





80 
= 60 
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> 40 
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Fig. 2. Reactivation of diamine oxidase after inhibition by 


isonicotinic acid hydrazide. After inhibition with iso- 
nicotinic acid hydrazide and dialysis, the residual enzyme 
activity was determined with cadaverine as substrate 
(@). The effect of addition of pyridoxal phosphate 
(2-5 g./ml. and 25yg./ml.) is indicated by and O, 
respectively. A dialysed control with and without 
pyridoxal phosphate is shown by A. 
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DISCUSSION 


Kapeller-Adler (1951) has suggested that histamine 
may be oxidized by a specific histaminase not 
identical with diamine oxidase. Her conclusions 
were based on different ratios of histamine and 
cadaverine oxidation by different enzyme sources 
and preparations of diamine oxidase. However, 
Born (1953) has shown that such differences in the 
oxidation of histamine and aliphatic diamines do 
not establish that two different enzymes are con- 
cerned unless differences in the secondary oxidation 
of the products of enzymic reaction are excluded. 
Competition experiments, inhibition data and sub- 
strate ratios of crude and purified preparations 
(Zeller, 1951), together with the present finding that 
oxidation of histamine and cadaverine by diamine 
oxidase shows the same sensitivity to thermal 
inactivation, are consistent with the conclusion that 
one enzyme in the pig-kidney preparation is 
responsible for oxidation of both histamine and 
aliphatic diamines. 

The inhibition of diamine oxidase by carbonyl 
reagents (Zeller, 1951; Werle, Schauer & Hartung, 
1955) has indicated that a carbonyl group such as 
that cf pyridoxal phosphate is necessary for enzyme 
activity. Determination of the rate of inhibition by 
qsonicotinic acid hydrazide of enzymes has been 
shown to bea useful means of detecting the presence 
of pyridoxal phosphate as coenzyme, particularly 
when it is tightly bound to the apoenzyme (Davison, 
1956). It has been shown that the rates of inhibition 
of an established pyridoxal phosphate-containing 
enzyme, cysteine sulphinic acid decarboxylase 
(Bergeret, Chatagner & Fromageot, 1955; Hope, 
1955), and diamine oxidase (histaminase) are 
similar. Also pyridoxal phosphate will reactivate 
diamine oxidase after inhibition by “zsonicotinyl 
hydrazide. It is possible that pyridoxal phosphate 
has reactivated the enzyme by a reaction between 
pyridoxal phosphate and the isonicotinic acid 
hydrazide bound to the (unknown) carbonyl group 
of the enzyme. However, the finding that neither 
pyridoxal nor pyruvate can reactivate the inhibited 
enzyme makes it more likely that the added 
pyridoxal phosphate reactivates by a combination 
with the apoenzyme. This supports the earlier work 
of Werle & Pechmann (1949) and Sinclair (1952). It 
is known that diamine oxidase requires the presence 
in the substrate of two basic groups (Blaschko, 
1953), one of which is a free amino group (Zeller, 
1951). It may therefore be deduced that diamine 
oxidase possess an acidic group (perhaps conferring 
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substrate specificity) and pyridoxal phosphate (for 
reacting with the free amino group) at its active 
centre. This possibility does not exclude the partici- 
pation of flavin-adenine dinucleotide at some stage 
in the enzyme reaction. = 

It is of interest that Tabor, Tabor & Rosenthal 
(1954) have demonstrated that amine oxidase 
(spermine oxidase) from ox plasma is inhibited by 
carbony] reagents and is progressively inhibited by 
dsonicotinyl hydrazide at a rate comparable with 
that found in our experiments with cysteine sul- 
phinic acid decarboxylase. It was suggested that 
pyridoxal phosphate may function as coenzyme for 
this enzyme. Liver monoamine oxidase differs from 
this enzyme, not only in substrate specificity but 
also in not being inhibited in a similar way by iso- 
nicotinyl hydrazide. 


SUMMARY 


1. Evidence is given which is consistent with the 
identity of histaminase and diamine oxidase of pig 
kidney. 

2. It is concluded that pyridoxal phosphate is 
probably a coenzyme for diamine oxidase (hist- 
aminase). 


My thanks are due to Dr A. L. Morrison for his interest in 
this work, to Mr R. F. Denman for his skilled help and to the 
directors of Roche Products Limited for permission to 
publish this work. I am also indebted to Dr H. M. Sinclair 
for his criticism of the manuscript. 


REFERENCES 


Bergeret, B., Chatagner, F. & Fromageot, C. (1955). 
Biochim. biophys. Acta, 17, 128. 

Blaschko, H. (1953). Brit. med. Bull. 9, 146. 

Born, G. V. R. (1953). Brit. J. Pharmacol. 8, 42. 

Buxton, J., Mayer, A. & Sinclair, H. M. (1956). J. Physiol. 
131, 17P. 

Davison, A. N. (1956). Biochim. biophys. Acta, 19, 131. 

Hope, D. B. (1955). Biochem. J. 59, 497. 

Kapeller-Adler, R. (1949). Biochem. J. 44, 70. 

Kapeller-Adler, R. (1951). Biochem. J. 48, 99. 

Sinclair, H. M. (1952). Biochem. J. 51, x. 

Sinclair, H. M. (1953). Proc. Nutr. Soc. 12, 94. 

Tabor, C. W., Tabor, H. & Rosenthal, S. M. (1954). J. biol. 
Chem. 208, 645. 

Werle, E. & Pechmann, E. von (1949). Liebigs Ann. 562, 44. 

Werle, E., Schauer, A. & Hartung, G. (1955). Klin. Wechr. 
33, 562. 

Zeller, E. A. (1938). Helv. chim. acta, 21, 1645. 

Zeller, E. A. (1951). In The Enzymes, 2, pt. 1, p. 544. Ed. by 
Sumner, J. B. & Myrbiack, K. New York: Academic 
Press Inc. 











pr 
sys 


sm 


the 
sul 
oce 


suk 
am 
rep 
of } 


pro 
fror 
the 
sho 
alsc 
sim 
whi 


a-k¢ 


tissi 
mec 








or 
ve 


ze 


ol. 


ol. 





Vol. 64 


549 


Estimation of a-Keto Acids in Plant Tissue: a Critical Study 
of Various Methods of Extraction as Applied to Strawberry 
Leaves, Washed Potato Slices and Peas 


By F. A. SHERWOOD 
Low Temperature Station for Research in Biochemistry and Biophysics, University of Cambridge, 
and Department of Scientific and Industrial Research 


AnD C. A. NIAVIS 
Botany School, University of Cambridge 


(Received 29 February 1956) 


The accurate estimation of the «-keto acids present 
in plant tissues is important because these acids 
occupy a central position in the metabolism of the 
plant and thus may be vital to our understanding 
of the physiological conditions which govern the 
storage of many fruits and vegetables. 

The main uncertainty in the estimation is the 
stability of the «-keto acids and related compounds 
in contact with the tissue during the procedure used 
for killing. Preliminary results on strawberry 
leaves showed that different amounts of «-keto 
acids were obtained, according to the procedure. 
This observation focused attention on the peculiarly 
difficult nature of the estimation of substances, such 
as a-keto acids, which are intermediates in the 
metabolic pathways linking fats, carbohydrates and 
amino acids. Only small amounts are present under 
normal physiological conditions and they are 
probably closely associated with multi-enzyme 
systems, which are confined for the most part in 
small subcellular units such as mitochondria and 
microsomes. It is difficult to guess at the importance 
that this juxtaposition of enzymes and possible 
substrates will have in the complex reactions that 
occur during the killing of the tissue by heat treat- 
ment. One fact, however, is clear: the enzymes and 
substrates must be effectively separated if the 
amounts of «-keto acids in the final extracts are to be 
representative of those in the tissue at the moment 
of killing. ; 

In the present study it has been shown that the 
problem of extracting the «-keto acids unchanged 
from the plant tissue depended, not only on killing 
the tissues so that the very active enzymes present 
should neither produce nor destroy the acids, but 
also on choosing a medium which did not cause 
similar reactions chemically. An important question, 
which arose early in this study, was whether the 
a-keto acids were bound to other compounds in the 
tissue and liberated by the action of the extracting 
medium. 


The extraction procedure developed in the 
present work is to freeze the tissue in a mixture of 
solid carbon dioxide and methanol (— 70°) and then 
to disintegrate the frozen material in a high-speed 
blender in cold (— 2°) 0-6mM metaphosphoric acid 
(HPO,). With strawberry leaves, which are very 
thin, the preliminary freezing can be omitted with- 
out apparent detriment. 

The principle of this procedure is that it is best to 
‘arrest’ the activity of the enzymes by cooling to 
a low temperature and then inactivate by chemical 
treatment while they are still in this arrested state. 
Any form of heat inactivation is open to the 
criticism that the enzymes are excited to great 
activity during the brief warming-up process before 
inactivation. Cooling can be made much more rapid 
than any feasible heating process; in addition, the 
activity of the enzymes is progressively arrested as 
the temperature falls, whereas the reverse is true of 
the heating process. This principle, which is of 
general application, can be applied to the estimation 
of other labile intermediates in plant tissues, e.g. 
phosphoric esters. The actual method of chemical 
inactivation will depend on the nature of the inter- 
mediates. 


[X PERIMENTAL 


Plant material 


Freshly picked strawberry and pea leaves, soaked pea 
cotyledons, fresh garden peas and washed potato slices were 
used. 

For strawberry and pea leaves representative samples of 
the leaves were taken for most of the experiments, but where 
the differences expected were small the leaves were split 
along the midrib, one half being used as control. 

The washed potato slices and pea cotyledons were pre- 
pared as follows: The potato slices were cut on a large-scale 
stainless-steel microtome (potato variety King Edward VII; 
disks diameter 3 cm., thickness 2-8 mm. cut transversely to 
stem-heel axis of tuber) and were washed in running tap- 
water 3-4 hr. to remove all the soluble material from the cut 
cells on the surface. Alternate slices were collected and 
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treated separately as a control. Just before analysis the 
slices were dried between filter paper. The dried peas 
(variety Onward) were split, the testa and plumule carefully 
removed with a sharp razor and the halves from each pea 
kept separate. The cotyledons were placed on three layers of 
Whatman no. | filter paper in two covered Petri dishes 
(12 em. diameter). Each cotyledon was placed on its outside 
surface and the filter paper soaked in water so that it was 
just damp. An extra 5 ml. of water was added to each and 
the dishes were allowed to stand at room temperature for 
18 hr. Two more additions of 5 ml. of water were made to 
each Petri dish during the next 6 hr. At the end of the period 
the samples were weighed, after excision of any plumules 
that had not been removed with the testa. The cotyledons 
were then washed thoroughly with tap water followed by 
distilled water. Prepared in this way, the cotyledons should 
represent strictly comparable samples. They contained very 
little ethanol, which meant that fermentation had not 
commenced to any extent. In a typical experiment 10 g. of 
the dry cotyledons weighed 23-5 g. after taking up water. The 
figure varied from 19-5 to 25 g. in various experiments, but 
in any one experiment the control sample was within 0-5 g. 
of the other. 


Killing and extraction of plant tissue 

Typical examples of the three basic procedures examined 
are as follows: 

Cold acid extraction. The strawberry leaves (5-10 g.) were 
plunged into 60 ml. of a mixture of solid CO, and methanol 
(-70°) in a wide-mouthed Dewar vessel and left for a few 
minutes. Leaving the leaves for periods up to 30 min. did 
not have any effect on the final results so long as the temper- 
ature never rose above — 70°. 

The frozen leaves were immediately added to 50 ml. of 
0-6 M-HPO, in the glass container of a high-speed blender 
(Measuring and Scientific Equipment Ltd.). The temper- 
ature of the solution was about —2° and the bowl of the 
blender was surrounded by a freezing mixture of finely 
crushed ice and methanol. The leaves were disintegrated at 
14000 r.p.m. for 10 min. The mush (temperature 0—2°) was 
centrifuged and the residue treated in the blender with 
50 ml. of ice-cold 0-6 M-HPO,. The residue after centrifuging 
was washed once more with 50 ml. of 0-6m-HPO,. The 
extracts were combined. 

In treating pea seeds in this way a persistent emulsion 
formed during the disintegration, which could be broken 
by adding ether before centrifuging. 

Killing in boiling methanol. Strawberry leaves (5-10 g.) 
were plunged into 60 ml. of boiling methanol in a 200 ml. 
beaker and kept there for 10 sec. The methanol was decanted 
and concentrated in vacuo. This extract was added to the 
combined aqueous extracts of the killed leaves obtained 
later. The killed leaves were added to 60 ml. of warm (50°) 
0-2 m-NaH,PO, (pH 4-6) and then disintegrated for 7 min. 
The residue was re-extracted with 50 ml. of 0-2m-NaH,PO, 
and finally with 60 ml. of 0-6m-HPO,. The combined 
extracts (including that from the methanol killing) were 
centrifuged from any precipitated protein. 

Where the leaves were killed and disintegrated in one 
operation, the final aqueous methanolic or ethanolic extract 
was neutralized by the addition of dilute aqueous NaOH and 
concentrated in vacuo (final pH of aqueous concentrate about 
6-0). The precipitate that sometimes formed was not removed 
because it adsorbed variable amounts of «-keto acids. 
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Cold alkali extraction. This was essentially the same as the 
method described by Virtanen, Miettinen & Kunttu (1953), 
except that 0-6m-HPO, was used instead of trichloroacetic 
acid for acidification of the alkaline extract. Trichloroacetic 
acid is extracted from aqueous solution by organic solvents 
and interferes with the subsequent chromatography of the 
2:4-dinitrophenylhydrazones. 


Preparation of 2:4-dinitrophenylhydrazones 


To the combined extracts (150-200 ml.) at room temper. 
ature was added immediately 20 ml. of 1% (w/v) 2:4. 
dinitrophenylhydrazine in 5N-H,SO, and the mixture 
allowed to stand for 45 min. 'The hydrazones were extracted 
by shaking with ether (0-4 vol. repeated four times). The 
combined ethereal extracts were shaken with a slight excess 
of saturated NaHCO, (40 ml.) so that the mixture was 
alkaline (pH 8-4). (In earlier experiments 10% Na,CO, 
was used and, though this caused no appreciable destruction 
of the hydrazones, it did extract much larger quantities of 
the phenols present because the mixture was usually more 
alkaline.) Careful tests showed that the use of NaHCO, for 
the extraction did not cause any formation of 1-hydroxy-6- 
nitro-1:2:3-benzotriazole from the 2:4-dinitrophenylhydra- 
zine (cf. Towers & Mortimer, 1954). The aqueous phase was 
separated and the ethereal layer again shaken with aqueous 
NaHCO, (15 ml.) to remove the last traces of hydrazones. 
Traces of colloidal material sometimes interfered with the 
clean separation of the phases, and in such cases it was 
inadvisable to shake vigorously or else a persistent emulsion 
was formed. Alternatively the mixture could be centri- 
fuged. The combined aqueous phases were acidified to pH 2-0 
with 3n-H,SO, and then extracted (0-5 vol. repeated three 
times) with CHCl, containing 15% (v/v) of ether. The 
combined CHCl,-ether extracts were evaporated under 
reduced pressure to dryness. The residue was dissolved in 
absolute ethanol to give a final concentration of hydrazones 
suitable for the chromatographic separation by the method 
of Isherwood & Cruickshank (1954). 


Chromatography 

Three «-keto acids were estimated—pyruvic, «-0xo- 
glutaric and oxaloacetic acids—though the 2:4-dinitro- 
phenylhydrazones of many other keto acids were present on 
the paper chromatograms. 

The solvent systems used were as follows: pyruvic acid, 
benzene-tert.-pentanol-ethanol—water (50: 30: 10: 20 by vol. 
respectively, water-poor phase used as solvent on paper 
dipped in 0-2m-Na borate buffer, pH 8-2, and dried); «- 
oxoglutaric acid, tert.-pentanol-ethanol—water (50: 10:40 by 
vol. respectively on paper dipped in 0-2mM-Na phosphate 
buffer, pH 6-3, and dried); oxaloacetic acid, tert.-pentanol- 
propanol-NH, soln. (sp.gr. 0-880) (65:5:30 by vol. re- 
spectively). 


RESULTS 
Preliminary experiments 


A large number of experiments were carried out 
in which strawberry leaves were disintegrated in 
different extraction media. Among the media tried 
were HPO, and H,PO, (concentrations 0-6—2:54, 
temperatures 20-70°), HClO, (0-5m, 70°), 0:2 
sodium phosphate buffers (pH 2—10-5 at 70°), 70% 
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aqueous ethanol (at 78°) and nN sodium hydroxide 
plus 0-1 M stannous chloride (to prevent the phenols’ 
oxidizing to give dark-coloured pigments). The 
results showed that the amount of each of the «-keto 
acids extracted from the plant tissue varied with the 
conditions used (200-300% differences were not 
uncommon) and that several factors probably con- 
tributed. Based on these preliminary experiments, 
a series of more detailed experiments were carried 
out to elucidate the reasons for the variations, and 
these experiments are described below. They are 
grouped under four main headings according to the 
main killing and extraction method under investiga- 
tion. There is some overlapping in detail, but this is 
understandable where experiments are repeated 
many times with slight changes in experimental 
technique as a result of experience with other 
methods. The four main types were as follows: 
(1) maceration in acid at different temperatures; 
(2) maceration in alkali; (3) use of boiling alcohols to 
inactivate the enzymes; (4) maceration in ice-cold 
HPO,. 


Maceration in acid at different temperatures : yield of 
pyruvic and a-oxoglutaric acids from strawberry 
leaves 


Experiments were made for the most part with 
0-6M-HPO, as extraction medium; at the lowest 
temperature of extraction, —10°, a solution con- 
taining 4N-HCl and 0-6mM-HPO, was used in place 
of the 0-6mM-HPO, in order to prevent the mixture 
freezing. All conditions except that of temperature 
were carefully standardized. The figures for the 
teraperature range represent the initial and final 
temperature of the mixture in the blender. Since 
the individual experiments were not carried out on 
samples of leaves at exactly the same physiological 
state, the results of each experiment have been 
calculated as a percentage of the amount of a-keto 
acids found in a comparable sample of leaves 
analysed by a method arbitrarily assumed as a 
standard one for the purpose. In the present 
experiments, the standard method has been to 


Table 1. 
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kill the leaves by plunging them into boiling 
methanol and then extracting them with warm 
0-2m-NaH,PO, (pH 4:6). Comparative results for 
the various experiments are given in Table 1. 

An examination of the results in Table 1 indi- 
cates that the yield of both pyruvic and «-oxo- 
glutaric acids is increased if the maceration is made 
at a higher temperature. The reason for the increase 
is not the same for both acids, for if an extract made 
at a low temperature (0—18°) is subsequently heated 
to 100°, the yield of pyruvic acid increases markedly 
but that of «-oxoglutarie acid remains stationary. 
The extra yield of pyruvic acid would appear to be 
due to the acid hydrolysis of a labile compound in 
the extract. A clue as to the origin of the extra 
«-oxoglutaric acid was provided by an experiment 
made later, based on the fact that if strawberry 
leaves were plunged for a few seconds into boiling 
methanol the enzymes were inactivated but very 
little of the soluble constituents were leached out. 
It was found that if such killed leaves were macer- 
ated with 0:-6mM-HPO, at different temperatures as 
described above for fresh leaves, only the yield of 
pyruvic acid was affected by temperature. The 
extra a-oxoglutaric obtained with fresh leaves 
would therefore appear to be due to an enzyme 
reaction during the killing process. 

The recovery of pyruvic and «-oxoglutaric acids 
added to the extraction media was not less than 
90 %. 

Labile compound hydrolysed in hot acid to give 
pyruvic acid. An investigation of the nature of the 
compound giving rise to pyruvic acid in hot acid 
suggested that it was possibly phosphoenolpyruvie 
acid. This acid is known (Lohmann & Meyerhof, 
1934) to be readily hydrolysed to pyruvic acid (in 
N-HCl at 100° about half the acid is split in 10 min.). 
More specific evidence that this acid might be 
responsible is given by the experiment described 
in Table 2. 

In this experiment strawberry leaves were 
extracted with a hot (70°) 0-2m sodium citrate 
buffer (pH 5-0) containing mercuric acetate. The 


Effect of the temperature of extraction on the yield of «-keto acids from strawberry leaves 





Conditions Yield of «-keto acids (%)* 

cr ne - —, —_$_____, 

Killing and extraction medium Temp. range Pyruvic Oxoglutaric 
0-6mM-HPO, +4N-HCl -—10-+13° 50 100 
0-6mM-HPO, 0-18 65 94 
0-6mM-HPO, 70-50 120 220 
120 
0-6m-HPO, 100-70 150 160 
140 120 
0-6M-HPO, 0-18° _ — 
Extract heated at 100° for 45 min. 380 94 


* Compared against extraction with 0-2m-NaH,PO, (pH 4-6) after killing in boiling methanol. 





control experiment contained no mercuric acetate. 
Mercuric acetate is known to catalyse specifically 
the breakdown of phosphoenolpyruvic acid, and the 
results indicate that this acid may be present. The 
addition of the mercuric acetate increased the yield 
of pyruvic acid from 140 to 310% (compared with 
the results of a standard extraction, cf. Table 1) but 
did not affect the yield of «-oxoglutaric acid. 


Maceration in alkali: yield of oxaloacetic acid 
from strawberry and pea leaves 


The results of a series of experiments in which 
strawberry and pea leaves were extracted with 
nN-NaOH under different conditions are given in 
Table 3. The results of each experiment are expressed 
as a percentage of the amounts of the «-keto acids 
found in a comparable sample of leaves which were 
extracted with 0-6m-HPO, (cf. Table 1). 

The results in Table 3 (Expts. 2 and 6) show that 
maceration of fresh leaves in alkali in the presence of 
air produces a much larger yield of oxaloacetic acid 
than does disintegration in 0-6M-HPO, (1900 and 
200% respectively), but that if air is replaced by 
nitrogen (Expts. 1 and 5) the yield is practically the 
same. The extra oxaloacetic acid is formed only if 
oxygen is present during the disintegration of the 
leaves. The reaction producing oxaloacetic acid 
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does not depend on the presence of intact enzymes 
in the leaf, for strawberry leaves which had been 
killed by plunging into boiling methanol for a short 
time gave as large a yield of oxaloacetic acid as fresh 
leaves (1910 and 1900% respectively, Expts. 2 
and 3). 

The nature of the oxidation reaction which pro- 
duces oxaloacetic acid is uncertain, but it is known 
that quinones in alkaline solution can convert amino 
and hydroxy acids into «-keto acids. The alkaline 
extract of strawberry leaves is rich in phenols, and 
in the presence of air will contain the corresponding 
quinones. Even disintegration in 0-6M-HPO, will 
extract enough phenols for the reaction to occur if 
the extract is subsequently made alkaline and 
aerated (Expt. 4). More direct confirmation of this 
idea is provided by the model experiments given in 
Table 4. Catechol, and the phenols extracted with 
ethyl acetate from strawberry leaves disintegrated 
in 0:-6mM-HPO,, were added to hydroxy and amino 
acids in N-NaOH and treated as described above for 
strawberry leaves. 

The results show that the «-keto acids formed 
represent about 5-8% of those theoretically 
possible if the oxidation went to completion. In the 
strawberry leaf the effective agents may be tri- 
hydroxyphenols or leucoanthocyanins which are 
not soluble in aqueous acids. 


Table 2. Effect of extraction with a hot citrate buffer containing mercuric acetate on the yield of pyruvic acid 
and «-oxoglutaric acid from strawberry leaves 


Conditions 


Yield of «-keto acids (%)* 





Killing and extraction medium 

0-2M-citrate buffer (pH 5-0)t 

0-2M-citrate buffer (pH 5-0) + 0-06m 
mercuric acetatet 


~ ae 
Temp. range Pyruvic a-Oxoglutaric 
70-50° 140 121 
70-50 310 118 


* Compared against extraction with 0-2M-NaH,PO, (pH 4-6) after killing in boiling methanol (cf. Table 1). 
+ Comparable half-leaves were used for the two parts of each experiment. 


Table 3. Yield of «-keto acids from strawberry and pea leaves with aqueous alkali as extraction medium 


The figures in parentheses are recoveries of added «-keto acids. 


Yield of «-keto acids (%)* ° 
ena - 


Y 
Oxaloacetic 


Expt. Extraction conditions Pyruvic a-Oxoglutaric 

] n-NaOH (pH 13-0); strawberry leaves; nitrogen gas 112 (65) 95 (93-5) 102 (81) 
present throughout (i.e. absence of oxygen) 

2 Nn-NaOH (pH 13-0); strawberry leaves; air present —t 29 (36) 1900 (83) 

3 n-NaOH (pH 13-0); strawberry leaves killed by - os 1910 
plunging into boiling methanol; air present 

4 Strawberry leaves extracted with 0-6mM-HPO, ; - 101 205 
extract made alkaline (pH 13-0); air present 

5 n-NaOH (pH 13-0); pea leaves; nitrogen gas present - 60 75 
throughout 

6 n-NaOH (pH 13-0); pea leaves; air present — 55 200 


* Compared against extraction with 0-6mM-HPO,. 
+ Dark-coloured pigments obscured the pyruvic hydrazones on the paper chromatogram. 
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The stability of the «-keto acids in the alkaline 
extract from strawberry leaves varied widely. 
Figures for the recovery of the three «-keto acids 
added to a typical experiment are given in Table 3 
above. Oxaloacetic acid (83%) is much more 
stable than the other two (less than 40%) and any 
increase in amount is therefore more obvious. 


Use of boiling alcohols to inactivate the 
enzymes in strawberry leaves 


a-Keto acids extracted with aqueous ethanol. The 
results of two experiments in which strawberry 
leaves were killed and disintegrated in one operation 
in boiling ethanol are given in Table 5. The results 
have been expressed in the same way as those 
in Table 1. To make sure that all the «-keto acids 
had been extracted, the residue was finally treated 
with a warm aqueous buffer and the «-keto acids 
were estimated in this extract. 

The figures in Table 5 show that although extrac- 
tion with boiling 70% (v/v) ethanol removes 
practically all the «-keto acids, very little being left 
in the insoluble residue, extraction with 90 % (v/v) 
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ethanol removes only a part. With pyruvic acid 
about 20% remains in the insoluble residue, 
whereas with «-oxoglutaric acid the figure is 64 %. 
a-Keto acids added during the distintegration of 
the leaves in boiling 90% (v/v) ethanol incurred 
similar losses, so that the difficulty would appear to 
be in the method of extraction rather than in the 
presence of bound forms of the «-keto acids. The 
figures in Table 5 for the recovery of added «-keto 
acids show that even in the absence of the insoluble 
residue an appreciable amount of the «-keto acid is 
lost (40 and 12% for pyruvic and «-oxoglutaric 
acids respectively). Part of this loss has been traced 
to the critical nature of the neutralization of the 
ethanolic extract before concentration under 
reduced pressure. A precipitate forms which tends 
to absorb part of the «-keto acids. In addition, there 
is a suspicion that some destruction takes place 
during the evaporation of the ethanolic extracts 
catalysed by compounds in the extracts. The 
interaction of these various effects probably ex- 
plains why we have found that, in practice, ex- 
traction with either 70 or 90% (v/v) ethanol gives 
inconsistent duplicates. 


Table 4. Yield of «-keto acids produced by quinone-catalysed oxidation reactions 
with aqueous alkali as extraction medium 


Yield of a-keto acids (mg.) 


Sh 
Conditions «-Oxoglutaric §Oxaloacetic 
Catechol (20 mg.), glutamic acid (1 mg.) and aspartic acid (1-5 mg.) in 0-07 0-074 
water (40 ml.), made alkaline (pH 13-0) and aerated for 10 min. 
Catechol (20 mg.), isocitric acid (1-5 mg.) and malic acid (2-0 mg.) 0-094 0-075 
in water (40 ml.), made alkaline (pH 13) and aerated for 10 min. 
Strawberry-lcaf phenois,* isocitric acid (1-5 mg.) and malic acid 0-099 0-065 


(2-0 mg.) in water (40 ml.), made alkaline (pH 13-0) and aerated 
for 10 min. 


* Phenols extracted with ethyl acetate from strawberry leaves (20 g.) after disintegration in 0-6mM-HPO,. 


Table 5. Yteld of «-keto acids from strawberry leaves with hot aqueous ethanol as the extraction medium 


Figures in brackets are recoveries of «-keto acids added during disintegration of the leaves a and to the final ethanolic 
extract b. ” . . 
Yield of «-keto acids (%)* 


sims 
SS 


Expt. Conditions Pyruvic «-Oxoglutaric 
1 Boiling ethanol; final concentration 90% (v/v); 70 33 
two extractions 65a 35a 
7 605 88b 
Residue from above extracted with 0-2m-NaH,PO, 20 64 
(pH 4-6); two extractions 
Total 90 97 
2 Boiling ethanol; final concentration 70% (v/v); 82 87 
two extractions 75a 85a 
77b 85b 
Residue from above extracted with 0-2M-NaH,PO, 2 2 
(pH 4-6); two extractions 
Total 84 89 


* Compared against extraction with 0-2M-NaH,PO, (pH 4-6) after killing in boiling methanol. 
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a-Keto acids extracted with aqueous media. A 
development which avoids many of the uncer- 
tainties of the method described above is to kill the 
leaf tissue by a very short treatment with boiling 
methanol and then to disintegrate and extract the 
residue with an aqueous solution. Preliminary 
experiments with this method showed that the 
recovery of pyruvic and «-oxoglutaric acids added 
to killed strawberry leaves before disintegration was 
excellent, and that duplicate estimations of the 
«-keto acids in strawberry leaves agreed closely. The 
method was then investigated in more detail, 
various modifications in both the killing and ex- 
traction procedure being tried. The results of the 
experiments are given in Table 6. 

The results of Expt. 1 show that when strawberry 
leaves are killed in boiling methanol it is immaterial 
whether the «-keto acids are extracted with cold 
0-6M-HPO, or warm 0-2M-NaH,PO, (pH 4-6). The 
figures are almost identical, and it seems that if the 
killed tissue is not extracted under conditions that 
cause chemical reactions (hot acid or hot and cold 
alkali) the yield of the two «-keto acids is the same. 

For the other experiments in Table 6 a solution 
containing 5N-H,SO, and 0-6mM-HPO, at — 10° was 
used as extractant. This solution was developed for 
killing and extracting the «-keto acids from fresh 
leaves, with the object of ensuring by the use of the 
lowest possible temperature without freezing that 
the activity of the enzymes in the cells was arrested 
before the disintegration of the leaves into the acid 
solution. In practice, the final extract was im- 
mediately diluted with two volumes of ice-water, 
because otherwise some of the labile compound that 
gives pyruvic acid would have been hydrolysed by 
the very acid extract when the hydrazones were 
prepared. 

In Expts. 2 and 3, the leaves were frozen for } hr. 
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in a mixture of methanol and solid CO, (— 70°). The 
original idea in these experiments was to replace the 
water present in the leaves by methanol while the 
enzymes and «-keto acids were held in an arrested 
state by the low temperature. It was supposed that 
in the virtual absence of water there would be 
no danger of the subsequent heat treatment with 
boiling methanol activating the enzymes present. 
In practice, however, it was found that if the 
temperature of the methanol-solid CO, mixture 
remained below —70° no water was extracted. The 
treatment with cold methanol was therefore not 
successful in testing the original idea, but the 
results of Expt. 2 in which it was used did show that 
freezing the tissue before killing in boiling methanol 
had no effect on the figures for pyruvic and a- 
oxoglutaric acids. In Expt. 3, both samples of the 
half leaves were frozen in methanol-solid CO, 
(— 70°), but only one sample was killed in boiling 
methanol before extraction with cold acid. The 
results show that killing in boiling methanol had a 
striking effect on the figures for pyruvic and oxalo- 
acetic acids. It appeared that the oxaloacetic acid 
was largely destroyed to give a corresponding 
amount of pyruvic acid. Inspection of the figures 
for Expt. 3 (Table 6) indicates that when oxaloacetic 
acid is negligible (boiling-methanol killing) the 
pyruvic acid is increased by approximately the 
equivalent amount (nearly 920 yg. of oxaloacetic 
acid disappears and 530yg. of pyruvic acid is 
formed). 

The destruction of oxaloacetic acid is clearly a 
serious objection to any method of killing in which 
hot methanol is used (ethanol and propanol give 
similar results). In cold HPO, the «-keto acids are 
stable, and the use of this reagent for killing and 
extracting several different plant tissues was 
investigated in detail. 


Table 6. Comparison of various combinations of methanolic and aqueous extraction methods 
as applied to strawberry leaves* 


Yield of «-keto acids (yg./100 g.) 





Cc ‘ 
Expt. Preliminary treatment Extraction conditions Pyruvic a-Oxoglutaric Oxaloacetic 
1 Plunged into boiling methanol —_Ice-cold 0-6mM-HPO, 1000 17 500 <20 
Plunged into boiling methanol Warm 0-2mM-NaHPO, 1089 17 500 <20 
(pH 4-6) 
2 Plunged into boiling methanol 5N-H,SO,-0-6mM-HPO, 1060 30 300 <20 
at —10° 
Frozen in methanol-solid CO, 5Nn-H,SO,-0-6M-HPO, 950 28 400 <20 
at —70° (left 30 min.), then at -10° 
plunged into boiling methanol 
3 Frozen in methanol-solid CO, 5n-H,SO,-0-6mM-HPO, 1600 30 400 <20 
at — 70° (left 30 min.), then at -10° 
plunged into boiling methanol 
Frozen in methanol-solid CO, 5n-H,SO,-0-6mM-HPO, 1070 29 800 920 


at — 70° (left 30 min.) 


at -—10° 


* Half-leaves were used for each part of the experiments. 
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Maceration in cold 0-6M-metaphoephoric acid 


The results of a series of experiments in which 
strawberry leaves, washed potato slices, soaked pea 
cotyledons and fresh garden peas were used as the 
plant material are given in Table 7. 

The results of Expt. 1 show that freezing straw- 
berry leaves in methanol-solid CO, had no signifi- 
cant effect on the yields of the «-keto acids when 
ice-cold 0-6mM-HPO, was used in the blender. 
Freezing the tissue arrests the activity of the 
enzymes, and in ideal circumstances they remain in 
this arrested state until the cells have been broken 
open by the action of the blender and the contents of 
the cells are in intimate contact with the HPO,. If 
the enzymes are influencing the results obtained 
when ice-cold HPO, is used, then freezing should 
show a significant effect. Since this does not occur, 
it follows that with strawberry leaves the enzymes 
present must be inactivated very rapidly. 

Strawberry leaves, however, are thin and open in 
structure, and reagents such as cold HPO, penetrate 
rapidly into the tissue. Consequently the period 
before the enzymes are inactivated is short and 
similar results are obtained by the various methods 
of killing. With thicker and more compact tissues 
this is unlikely to be the case, and the other experi- 
ments in Table 7 have therefore been made on 
thicker tissues such as washed potato slices, soaked 
pea cotyledons and fresh garden peas. 

The results of experiments on soaked pea cotyle- 
dons (2 and 4) show that freezing the pea cotyledons 
at —70° before disintegration in ice-cold 0-6m- 
HPO, causes a small difference whose direction and 
size appear to vary with the physiological state of 
the tissue (i.e. amount of water absorbed and age of 
the peas). In the corresponding experiments (8 and 
9) with potato slices, the difference is very small and 
is not affected by the thickness of the tissue. 

Expt. 3 illustrates the effect of allowing the un- 
frozen pea cotyledons to remain in contact with the 
HPO, for a short time before disintegration. The 
figures for pyruvic and «-oxoglutaric acids are low 
compared with those obtained without this delay, 
and it appears that the reagent has stimulated 
destruction of the «-keto acids. The importance of 
this observation is that a similar process may occur 
during the disintegration of the unfrozen pea 
cotyledons even if the disintegration is carried out 
as rapidly as possible. Considerable amounts of 
cellular tissue were still present even after 1-2 min. 
in the high-speed blender used in these experiments. 
Model experiments showed that after 1 min. 28%, 
and after 2 min. 1 %, would not pass a 10-mesh sieve. 
Even after 5 min. 68%, and after 10 min. 32%, 
failed to pass a 60-mesh sieve. 

In Expts. 5 and 6 a check has been made of the 
amount of enzyme action which occurs during 
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disintegration of frozen peas in ice-cold HPO,. The 
results were compared with those obtained by 
disintegrating the frozen pea cotyledons in a solu- 
tion of 0-6m-HPO, in aqueous methanol (1: 2-5, v/v) 
at —70°. This solution does not freeze, and the 
extraction can be carried out at a temperature 
which virtually precludes enzyme action. The 
disintegration is effective and the mixture does not 
froth as with aqueous HPO,. The results show a 
small difference in Expt. 5 and none in Expt. 6. The 
difference in Expt. 5 may be the result of the rise in 
temperature of the aqueous HPO, from — 1° to + 5° 
during the disintegration, which allows some 
enzyme action analogous to that mentioned above 
in connexion with Expt. 3 to occur in thawed 
particles. 

Expt. 7 indicates that heat inactivation of thick 
tissue such as peas may give results different from 
those obtained by killing at low temperature in 
0-6m-HPO,. The figure for pyruvic acid was five 
times and that for «-oxoglutaric acid almost twice 
that obtained by the cold-acid method. 


DISCUSSION 


The results described above for the hot-acid, cold- 
alkali and boiling-methanol or ethanol extraction 
methods have shown clearly that in each method 
chemical reactions leading either to the formation or 
destruction of «-keto acids occur; only cold HPO, is 
free from chemical reactions affecting the amount 
of «-keto acid present. Information about the in- 
fluence of enzymic reactions in the plant material 
during the killing procedure is, however, less con- 
clusive, though in extreme cases the effect can be 
demonstrated. Disintegration of strawberry leaves 
in hot HPO, gave a much higher yield of «-oxo- 
glutaric acid than disintegration in cold HPO, 
(220 and 94% respectively, Table 1), and the 
extra «-oxoglutaric acid was not formed if the 
leaves were first killed by plunging into boiling 
methanol for a short time (cf. Table 6). With thicker 
tissues such as peas the enzymic effect was noticed 
in Expt. 3, Table 7. The pea cotyledons, left in 
contact with cold HPO, for 5 min. before disinte- 
gration commenced, gave a much lower yield of 
a-keto acids even though the HPO, cannot have 
penetrated far into the cotyledon. 

In the recommended method the tissue was first 
frozen in a mixture of solid CO, and methanol to 
arrest the action of the enzymes and then disinte- 
grated at a low temperature in aqueous or aqueous— 
methanolic 0-6mM-HPO,. This method is certainly 
free from the chemical reactions which complicate 
the other methods examined, but the results 
obtained may still be affected by reactions in the 
tissue due to the killing treatment. Since no 
absolute method is available, it is not easy to detect 





Expt. 


bo 
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pea cotyledons, fresh peas and potato slices 


Plant material 


Strawberry* leaves 


Pea cotyledons (old stock 
1953) 10 g. (dry) swollen to 
21 g. 


Pea cotyledons (old stock 
1953), 10 g. (dry) swollen to 


25 g. 


Pea cotyledons (new stock 
1955) 10 g. (dry) swollen to 
16-2 g. 


Pea cotyledons (new stock 
1955) 10 g. (dry) swollen to 


17-5 g. 


Pea cotyledons (new stock 
1955) 10 g. (dry) swollen to 


21 g. 


Fresh garden peas purchased 
from market 


Washed potato slices 2 mm. 


thick 


Washed potato slices 4 mm. 
thick 


Killing and extraction 
conditions 


(a) Disintegrated in 0-6mM-HPO, at 0° 
(6) Frozen in methanol-solid CO,, 
— 70°; disintegrated in 0-6m- 
HPO, at 0° 


(a) Frozen in methanol-solid CO,, 
— 70°, for 5 min.; disintegrated 
in 0-6M-HPO, at 0° 

(6) Disintegrated in 0-6m-HPO, ; 
temperature rose from — 2° to 
0° during blending 


(a) Frozen in methanol-solid CO,, 
— 70°, for 30 min.; disintegrated 
in 0-6m-HPO, at 0° 

(b) Pea cotyledons added to 0-6m- 
HPO, caused temperature to 
rise to +5°; mixture cooled for 
5 min. till temperature was 0°, 
then blended 


(a) As 1 (a) 


(b) As 1 (b) 


(a) Frozen in methanol-solid COQ,, 
— 70°, for 30 min.; disintegrated 
in solution of methanol 
(2-5 vol.) and 1-2m-HPO, 

(1 vol.) at —'70°; glass cup 
surrounded by methanol-solid 
CO, freezing mixture; final 
temperature after 15 min. 
disintegration, — 36° 

(b) Frozen in methanol-solid CO,, 
— 70°, for 30 min.; disintegra- 
tion for 10 min. in 0-6mM-HPO3. 
temperature —1° to +5 

(a) As 4 (a); final temperature 

after 15 min. disintegration, 

— 65 


(b) As 4 (b); final temperature 


after 15 min. disintegration, — 1° 


(a) As 1 (a) 


(6) Plunged into boiling methanol 
for 5 min.; disintegrated in 
0-6mM-HPO, at 0° 

(a) As 1 (a) 

(b) As 1 (8) 


(a) As 1 (a) 


(b) As 1 (5) 


Table 7. Comparison of various cold-acid-extraction methods as applied to strawberry leaves, 


a-Keto acids yg./100 g. fresh wt. 
as taken for analysis 


cr 


A. 


Pyruvic 
870 26 400 
870 28 400 
338 3 000 
310 2 740 
784 2 720 
404 800 
432 1 490 
518 1 385 
188 795 
161 960 
258 1 780 
252 1 760 
280 1 290 

1 460 2 200 
266 200 
280 200 
160 186 
200 182 


* Comparable half-leaves were used for the two parts of the experiment. 


Y 
a-Oxoglutaric Oxaloacetic 


650 
650 


99 


No 
observation 


No 
observation 


No 
observation 
No 
observation 


74 


86 


110 


115 


No 
observation 
No 


observation 


106 

92 

No 
observation 


No 


observation 


| 
| 





se 
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the presence of such reactions. The possibility 
that such reactions, especially enzymic ones, are 
present, is considered below. An attempt is made to 
assess the magnitude of these reactions by an 
analysis of the experimental results, particular 
attention being given to factors affecting the rate of 
killing. 

One of the most important factors is the effect of 
temperature on the tissue and the enzymes in the 
cells. In the recommended method the rate of 
chilling to the point at which enzyme activity 
virtually ceases is much higher than the corre- 
sponding rate of heating in a typical heat-inactiva- 
tion method. Some comparative figures for pea 
cotyledons are given in Table 8. 

The figures have been calculated by the methods 
of Carslaw & Jaeger (1947) and Olson & Schultz 
(1942). The cotyledons were assumed to be flat 
plates 0-5 em. thick. 

Comparison of the two sets of figures in Table 8 
shows that in the freezing treatment the bulk of 
the tissue would be below — 50° in 3 sec. and at 
a temperature which largely precluded enzyme 
reactions, whereas treatment with hot ethanol 
would raise the temperature comparatively slowly 
(average temperature 62° after 20 sec.) through the 
region in which inactivation and maximum 
stimulation of the enzymes might occur. The effect 
of enzymic reaction rates in the freezing and hot- 
ethanol methods will become particularly important 
when the cell organization begins to break down and 
allows the uncontrolled association of enzymes and 
substrates. 

In the recommended method the temperature at 
which disorganizaticn occurs is about — 5° when the 
tissue freezes. At this temperature the enzyme 
reaction will proceed at about one-eighth of the 
corresponding rate at room temperature (assuming 
that a 10° drop in temperature changes the rate by 
a factor of 2). In practice the formation of ice will 
possibly restrict the association of enzymes and 
substrates and still further decrease the rate. In 
addition there may be a sharp break in’the relation- 
ship between temperature and reaction velocity 
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° 


characterizing the system below —5° (Sizer, 
1943). 

In the other method mentioned above, the 
treatment with boiling ethanol may not inactivate 
the enzymes until the temperature reaches 50—60° 
(Sizer, 1943). Even at these temperatures the 
process may require a considerable time. A typical 
protein such as egg albumin requires about 30 min. 
for half the protein to be denatured at a temperature 
of 70° (Lewis, 1926), and most of the proteins and 
enzymes are denatured or inactivated at the same 
speed within a factor of 10? (Stearn, 1949). If we 
assume arbitrarily that 55° is the temperature at 
which cell breakdown occurs, then the rate of 
enzyme reactions will be about eight times that at 
room temperature. 

These rough calculations suggest that if the freed 
enzymes and substrates are held at the appropriate 
temperatures in the two methods for about the same 
time, any consequent difference between the results 
will reflect a change of 50-100 times in enzymic 
reaction rates. In practice the enzymic effect is 
likely to be emphasized, because the time at the 
critical temperature is much greater in the hot- 
ethanol method than in the recommended freezing 
method. These considerations are relevant to the 
practical problem of the rapid inactivation of the 
enzymes in plant tissue, as is shown by the results 
given in Table 7 for fresh garden peas (Expt. 6). 
The amount of pyruvic acid found after the hot- 
ethanol killing was 4-5 times that obtained by the 
recommended freezing method, and the difference 
is too great to be accounted for by the breakdown of 
oxaloacetic acid (if all the oxaloacetic acid were 
broken down it would be equivalent only to 5-8 % 
of the difference), though other labile compounds 
which break down to pyruvic acid may be present in 
the tissue. The amounts of «-oxoglutaric acid found 
by the two methods show a similar difference. If 
the calculations apply even roughly to the condi- 
tions when plant tissue is disintegrated in 0-6m- 
HPO, at 0°, the enzymic effect is likely to be smail. 
The cell disorganization produced by the rapid 
freezing of the cotyledons, as in the recommended 
freezing method, would appear to have only a small 


near —5°, with very high activation energies 
Table 8. Temperature calculated at centre of pea cotyledons immersed in (a) freezing mixture of 
solid carbon dioxide—methanol (— 75°) and (b) boiling ethanol (+ 78°) 
The figures in parentheses are average temperatures of tissue. 
Time (sec.) ... ead 0 1 2 3 5 7 10 20 
(a)* 25 23 9 -3 -27 — —57 — 
(-13°)  (-50°) 
(b)t 25 25-5 _ _ 31-5 38 46 62 
(57°) (67°) 


* Cotyledon assumed to be composed of ice, thermal conductivity 0-005 (average between 
sec.—? °c-!, 
{ Similarly assumed to be composed of water, thermal conductivity 0-002 cal. cm.~? sec. 


+ 20° and — 70°) cal. em.-? 


2%. 
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effect on the amounts of «-keto acid found. An 
experiment in which pea cotyledons were chilled to 
0°, but not frozen, and then disintegrated in 0-6M- 
HPO, at — 2°, gave results which were within 10% 
of those obtained by the recommended freezing 
method. In this experiment, great care had to be 
taken to prevent the temperature of the mixture in 
the blender rising above 0-2°. When frozen pea 
cotyledons are used, the temperature is much easier 
to control. 

Apart from the effect of temperature on the 
tissue, the other important factor to be considered 
is the efficiency with which the tissue is disintegrated 
during the killing process. There must be no possi- 
bility of the enzymes in the frozen tissue becoming 
active through a rise in temperature before the 
HPO, has penetrated into the tissue, because a 
momentary rise of temperature may occur when the 
blade of the blender strikes the hard pea cotyledon. 
To test whether this occurs in the recommended 
freezing method, the results obtained have been 
compared with those obtained by blending the 
frozen pea cotyledons in an aqueous methanolic 
solution of 0-6mM-HPO, at — 50°. The assumption 
was that at —50° the enzymes would be inactive 
even if the blending process was inefficient and 
required a relatively long time to disintegrate the 
tissue completely. Comparison of the results 
(Expts. 4 and 5, Table 7) shows that there is no 
difference, and indicates that the blending of the 
frozen pea cotyledons at 0° as in the recommended 





method is satisfactory. 

The experiments discussed above indicate that 
freezing the tissue before disintegration in ice-cold 
HPO, does not result in enzymic or chemical 
changes that seriously affect the estimation of the 
a-keto acids. Although this may be generally true 
for other metabolites such as phosphoric esters, it is 
advisable to re-examine the effect of disintegration 
at — 2°, with and without a previous freezing at low 
temperature, when the method is applied to other 
compounds, as the effect of cell disorganization due 
to freezing may not be the same in all cases. With 
the materials examined in the present study, freez- 
ing ensured that no rise of temperature occurred 
during the blending procedure. 


SUMMARY 


1. Various methods of inactivating the enzymes 
in strawberry leaves, in washed potato slices and in 
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peas have been critially compared as a preliminary 
to the estimation of the «-keto acids by the chro- 
matographic method of Isherwood & Cruickshank 
(1954). 

2. The results showed that the use of hot acid or 
strongly alkaline media, or boiling methanol, led to 
both the formation and destruction of «-keto acids 
by chemical reactions occurring in the tissue extract 
during disintegration. 

3. Any method of heat inactivation was open to 
the suspicion that the enzymes were not inactivated 
sufficiently rapidly to avoid a brief period of heat 
stimulation, thus causing a significant change in the 
a-keto acids in the tissue. 

4. In the recommended method, the tissue was 
frozen in a mixture of methanol and solid carbon 
dioxide and then disintegrated in 0-6m metaphos- 
phoric acid at — 2°. The principle of this procedure, 
that it is best to arrest the activity of the enzymes by 
cooling to a low temperature and inactivate them 
by chemical treatment while they are still in this 
arrested state, is important in the estimation of 
other labile intermediates such as phosphoric 
esters. 


As far as one of us is concerned (F. A.I.) the work forms 
part of the programme of the Food Investigation Organiza- 
tion of the Department of Scientific and Industrial Research. 
The other author (C. A. N.) thanks the Greek State Scholar- 
ship Foundation for a grant and the Agricultural College of 
Athens for permission to work in Cambridge. We would like 
to thank Dr J. Barker, F.R.S., for his interest in this work. 
We would also like to thank Dr H. G. Wager for helpful 
criticism and permission to quote his unpublished results on 
fresh garden peas. Mr F. C. Barrett carried out the experi- 
mental work on washed potato slices and pea cotyledons. 
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The in vitro Enzymic Hydroxylation of Steroids 


4. THE ROLE OF FUMARATE AND TRIPHOSPHOPYRIDINE NUCLEOTIDE 
IN THE ENZYMIC 11f-HYDROXYLATION OF 11-DEOXYCORTICOSTERONE* 


By J. K. GRANT 
Department of Biochemistry, University of Edinburgh 


(Received 3 April 1956) 


Suspensions of ox-adrenocortical mitochondria 
prepared in sucrose catalyse the 118-hydroxylation 
of 11-deoxycorticosterone (DOC), provided that 
there is concurrent oxidation of a member of the 
Krebs tricarboxylic-acid cycle (Brownie & Grant, 
1954). In contrast with the observations of Hayano 
& Dorfman (1953) it was found that the mito- 
chondrial preparations show no specific requirement 
for fumarate. In an investigation of this difference 
Brownie & Grant (1956) found that the requirement 
for fumarate and for triphosphopyridine nucleotide 
(TPN*) arose when their mitochondrial prepara- 
tions were treated with hypotonic media or were 
acetone-dried. It was also concluded from the 
evidence available that DCC is not dehydrogenated 
during 11f8-hydroxylation, and that fumarate may 
be required to maintain the concentration of re- 
duced TPN* (TPNH). The results of further in- 
vestigations of the role of fumarate and TPN™ in 
the hydroxylation of DOC are now reported. 
A scluble enzyme preparation, extracted from 
acetone-dried mitochondria. has heen used in these 
experiments. 

A preliminary account of some of the experiments 
described here has been published (Grant & Brownie, 
1955). 


EXPERIMENTAL 


Enzyme preparations and materials 


The following operations were carried out at temperatures 
near 0°. About 150 g. of ox-adrenals free from adhering fat 
and connective tissue was ground in a Latapie mincer. The 
mince was suspended in 350 ml. of 0-25m sucrose and 
further disintegrated in a Nelco Blendor (Measuring and 
Scientific Equipment Ltd., London) run at half maximum 
speed. Mitochondria were separated as described by 
Brownie & Grant (1954) from the suspension thus obtained. 
On this scale it was not possible to exclude other cell com- 
ponents as effectively as in the earlier preparations. Care 
was taken, however, to wash the mitochondrial fraction 
thoroughly with sucrose solution in order to remove soluble 
enzymes known to catalyse 17- and 21-hydroxylation of 
steroids (Plager & Samuels, 1953). The mitochondria were 
finally suspended in a small volume of water and dried with 
acetone and ether as described by Drysdale & Lardy (1953), 


* Part 3: Brownie & Grant (1956). 


yielding about 4 g. of a light fawn-coloured powder. This 
powder could be stored at 0° for several weeks without loss 
of activity. Enzymes were extracted from the powder by 
grinding for 1 min. with ten times its weight of 0-154M-KCl. 
It was found convenient to use a 50 ml. plastic centrifuge 
tube and a glass bulb on a rod driven by a stirrer motor for 
the grinding. The suspension was allowed to stand for 0-5 hr. 
at 0° and was then centrifuged for 0-5 hr. at 2 x 104 g. The 
clear supernatant liquid containing the enzymes to be 
studied was red—brown in colour. The average N content of 
a number of preparations was 2-5-+0-2 mg./ml. For some 
experiments the extract was centrifuged for 1 hr.at1 x 10° g, 
giving solutions of slightly lower N content. 

The enzyme solution was sometimes prepared from 
separated cortical tissue. 

A suspension of crystalline catalase was prepared accord- 
ing to Sumner & Dounce (1937). Cytochrome oxidase was 
prepared according to Keilin & Hartree (1938). An acetone- 
dried preparation of finely ground pig liver was used as a 
source of uricase (Keilin & Hartree, 1936). 

Cytochrome c was a lyophilized commercial preparation 
(L. Light and Co. Ltd., Colnbrook, Bucks.). Assayed by the 
method of Potter (1949), this was found to be 76% pure. 
Diphosphopyridine nucleotide (DPN*) and TPN* were 
prepared and assayed as already described (Brownie & 
Grant, 1956). For some experiments commercial prepara- 
tions of DPN* and DPNH (C. F. Boehringer and Sons Ltd., 
Mannheim, Germany) were used. TPNH was prepared by 
the method of Conn, Kraemer, Pei-Nan & Vennesland 
(1952). 

DOC was prepared from its acetate by the method of 
Mattox & Kendall (1951). Other steroids were pure crystal- 
line specimens given by those referred to in the acknowledge- 
ments. 

Incubation conditions and methods 
of determining steroids 

Unless otherwise stated, in all experiments 30 ml. test 
tubes with ground-glass stoppers were used containing the 
following reaction mixture: 40 mm potassium phosphate 
(pH 7-4), 10 mm potassium fumarate, about 0-1 mm TPN* 
and 2 ml. ofenzyme solution ina final volume of3 ml. About 
500 ug. of DOC was added in 0-04 ml. of propylene glycol 
(propane-1:2-diol). Unless otherwise stated, incubations 
were in air, the mixture being shaken for 1 hr. at 37°. 

DOC and corticosterone in reaction mixtures were 
determined as described by Brownie & Grant (1954), with 
the exception that the acetone extraction was omitted. 
Afterincubation, reaction mixtures were cooled and steroids 
were extracted directly by vigorous shaking with the 
benzene-chloroform mixture. Typical results for the 
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recovery of DOC and corticosterone added to incubated 
reaction mixtures and extracted by the procedure described 
above are shown in Table 1. 

Each experiment included ‘extraction controls’ and 
‘blank controls’ as described by Brownie & Grant (1954). 





RESULTS 
Selection of enzyme preparation 


Typical results obtained with different soluble 
enzyme preparations are shown in Table 2. Equal 
portions of the extracted reaction products obtained 
with each type of enzyme preparation were chro- 
matographed on paper for 5—7 hr. at 18° with the 
solvent system B, of Bush (1952). When the chro- 
matograms were sprayed with blue tetrazolium 
reagent (Mader & Buck, 1952), four spots which had 
run to the same relative positions were observed in 
each case. The spots were of the same relative size. 
In view of the similarity of these results it was 
decided as a matter of convenience to use the enzyme 
preparation from whole adrenals finally centrifuged 
at 2 x 10‘ g for 0-5 hr. for the experiments described 
below. This will be referred to as the ‘soluble 
enzyme’ preparation. 


Investigation of the products of metabolism of 
DOC by the soluble enzyme 


Portions of the benzene-chloroform extracts 
prepared for DOC analysis were run on paper 
chromatograms as described above. These chro- 
matograms showed spots which absorbed u.v. 
light, gave the blue tetrazolium reaction of Mader 
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& Buck (1952) and corresponded in position to DOC 
and corticosterone run as referenve substances on 
the same paper. Two additional spots were regu. 
larly observed by the same means. One, due to a 
substance referred to below as X, was slightly more 
polar than corticosterone, and gave a smaller spot. 
This was not referred to in the preliminary report 
(Grant & Brownie, 1955), since the paper chromato. 
grams were not at first run for sufficient time to 
resolve corticosterone and substance X. A second 
fainter spot (due to a substance to be referred to as 
Y) appeared about half-way between the corti- 
costerone spot and the origin. Occasionally a very 
faint spot (substance Z) giving the blue tetrazolium 
reaction was observed very near the origin. 

Areas of the paper chromatograms containing 
metabolic product corresponding in mobility to 
corticosterone were eluted with chloroform and 
rechromatographed alone and mixed with authentic 
corticosterone at 18° in the solvent system B, and B, 
of Bush (1952). All chromatograms showed single 
spots which had run to the same position on the 
strips. The metabolic product and corticosterone 
(about 20 wg. of each) were separately treated with 
3 ml. of conc. H,SO, for lhr. at 37° (Zaffaroni, 
1950). Both solutions gave identical absorption 
spectra with maxima at 285, 326, 372 mu. and from 
455 to 465 mp. A solution of the metabolic product 
in ethanol showed an absorption maximum at 
240 mp. Thus although complete identity has not 
been established it appears likely that the principal 
product obtained on incubation of DOC with the 
soluble enzyme preparation is corticosterone. 


Table 1. Recovery of DOC and corticosterone added to reaction mixtures 
which had been incubated with soluble enzyme 


Values have been corrected by subtraction of 20 yg. for ‘apparent’ steroid recovered in blank control experiments in 
y By P I 


which no steroids were added. 





DOC 
= - = 
No. of Added Recovery 
expts. (ug-) (%) 
4 528 92-74+3-7 
4 296 97-2+1-3 
+ 162 96-0+1-8 


Table 2. 





Corticosterone 
ct a | 
No. of Added Recovery 
expts. (ug.) (%) 
4 245 89-5+2°§ 
4 132 93-544-5 


Metabolism of DOC by enzymes extracted from acetone-dried ox-adrenal mitochondria 


The conditions of incubation were as described in the text. 


Type of enzyme preparation 





+ DOC 
Origin of Centrifuging of extract from metabolized 
mitochondria dried mitochondria (%) 
Adrenal cortex 0-5 hr. at 2 x 104g in multispeed attachment of 90 


refrigerated centrifuge (Measuring and Scientific 
Equipment Ltd., London) 


Whole adrenal As above 


Whole adrenal 


95 


1 hr. at 10° g in preparative head of Spinco 96 
Model E ultracentrifuge 
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Table 3. Absorption maxima of substance X and of steroids with similar chromatographic behaviour 


(a) Absorption 


max. in 
ethanol 
Substance (mz.) 
X 234 
Corticosterone 240 
17a-Hydroxy-DOC 240 
68-Hydroxy-DOC 235 


(6) Absorption max. 
in cone. sulphuric 
acid after 1 hr. at 19° 


(my.) 
cc" oe 
285 340 452 
287 322 465 
288 86338) «= 486535 
286 343 454 


Table 4. Recovery of steroids absorbing selectively at 240 my. after incubation of DOC 
with soluble enzyme preparations 


The chromatogram fractions corresponding to DOC and to corticosterone +substance X were examined as described 


in the text. 


DOC 
———____—_—_, Corticosterone Total recovery 
Incubated Recovered +X recovered —_, 
(umoles) (umoles) (as moles) (umoles) (%) 
1-63 0-275 1-21 1-49 91 


The possibility that substance X is a further 
transformation product of corticosterone formed 
from DOC was made unlikely by the observation 
that corticosterone was recovered unchanged after 
incubation with the usual reaction mixture. 

Substance X was extracted from the paper chro- 
matograms with chloroform and gave a positive 
reaction for formaldehyde after periodate oxidation 
(Daughaday, Jaffe & Williams, 1948). An extract 
of a similar area of blank paper gave no reaction. 
The phenylhydrazine reaction (Porter & Silber, 
1950) was negative. These results and the positive 
blue tetrazolium reaction already referred to would 
be given by a 17-deoxy-21-hydruxy-20-oxosteroid. 
68-Hydroxy-DOC (6£:21-dihydroxypregn - 4-ene- 
3:20-dione) belongs to this class and would be 
expected to show similar chromatographic be- 
haviour to substance X; it has been isolated from 
incubated adrenal preparations of the hog (Haines, 
1952) and ox (Hayano & Dorfman, 1953). A mixed 
chromatogram of substance X and 68-hydroxy- 
DOC showed a single spot when run for 5 hr. at 18° 
with solvent system B, (Bush, 1952). Acetylation 
of substance X with acetic anhydride at room 
temperature for 24 hr. gave a product which showed 
identical behaviour with 6£:21-diacetoxy-DOC 
when run on paper chromatograms for 48 hr. at 37° 
in the hexane: propylene glycol-methanol (50:50, 
by vol.) system of Burton, Zaffaroni & Keutmann 
(1951), or for Shr. at 18°, in the dsooctane—tert.- 


butanol (50:22-5, v/v)/methanol—-water (22-5:50, 


| v/v) system of Eberlein & Bongiovanni (1955). 


It will be seen from Table 3 that solutions of 
substance X and 68-hydroxy-DOC show the same 


| absorption maxima. Although complete identity of 


X has not been established it appears reasonably 
likely that this substance is 68-hydroxy-DOC. 


36 


68-Hydroxy-DOC appears with corticosterone in 
the eluate fraction from partition-chromatographic 
columns used for analysis of corticosterone. These 
two substances together account almost quanti- 
tatively for the DOC which is metabolized by the 
soluble enzyme preparation (Table 4). 

Paper chromatograms of metabolic products 
were run as a routine in all experiments. As judged 
by the size and colour intensity of spots on the paper, 
68-hydroxy-DOC and corticosterone were formed 
in the approximately constant proportion of 1:5. 
The combined quantities of these two substances 
determined as corticosterone are taken as a measure 
of DOC hydroxylation in the results now reported. 

The identities of the substances Y and Z, which 
appeared to be formed in very small amounts, were 
not extensively investigated. Y ran to the same 
position on paper chromatograms as 19-hydroxy- 


DOC. 


Effect of various substances on hydroxylation of 
DOC by the soluble enzyme 

Added DOC was recovered after incubation with 
soluble enzyme which had been heated for 5 min. 
at 55° or after incubation in the absence of air. 

It was observed in early experiments that more 
satisfactory results were obtained when 2-amino-2- 
hydroxymethylpropane-1:3-diol[aminotrishydroxy- 
methylmethane (tris)] buffer was used in place of 
phosphate buffer (Fig. 1a, b). Tris buffer was there- 
fore used in all subsequent experiments. 

DOC hydroxylation was completely inhibited by 
10mm Versene (ethylenediaminetetraacetic acid, 
EDTA) adjusted to pH 7-4 (Fig. 1c). This result 
suggested a requirement for a metal. The soluble 
enzyme preparation was therefore dialysed for 
24 hr. at 0° against 0-154mM-KCl. A part of the same 
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(a) 40mm Phosphate 


(b) 40mM Tris 


(c) 40m Tris 
+10mm EDTA 


0 20 40 60 80 100 


DOC hydroxylation (%) 


Fig. 1. Inhibition by phosphate and EDTA of hydroxyla- 
tion of DOC by soluble adrenal enzyme incubated in air 
for lhr. at 37°. Reaction mixture contained 10 mm 
potassium fumarate, about 0-1mm TPN*, 2ml. of 
enzyme and the substances shown, in a final volume of 
3 ml. Buffers were adjusted to pH 7-4. About 500 yg. of 
DOC was added in 0-04 ml. of propylene glycol. Double 
lines at ends of bars indicate duplicate values. 












(a) Enzyme stored 24 hr. at 0° 
(b) Enzyme dialysed 24 hr. at 0° 


(c) Enzyme dialysed + 1 mM-Mn?* 


(d) Enzyme dialysed + 1 mM-Co** 
(e) Enzyme dialysed +1 mM-Ni2* 
(f) Enzyme dialysed + 1 mM-Fe2* 
(g) Enzyme dialysed + 1 mm-Cu2* 
(h) Enzyme dialysed +1 mM-MoO,2- 


0 20 40 60 80 100 
DOC hydroxylation (%) 


Fig. 2. Influence of metal ions on hydroxylation of DOC by 
dialysed soluble adrenal enzyme incubated in air for 1 hr. 
at 37°. Reaction mixture contained 10 mm potassium 
fumarate, about 0-1 mm TPN*, 40 mo tris, pH 7-4, 2 ml. 
of enzyme and the substances shown, in a final volume of 
3 ml. About 500yg. of DOC was added in 0-04 ml. of 
propylene glycol. Double lines at ends of bars indicate 
duplicate values. 


L 


(a) 10m™M Fumarate 
(b) 10 mM L-Malate 
replacing fumarate 


(c) 10mM DL-isoCitrate 
replacing fumarate 


(d) 10 mM a@-Oxoglutarate 
replacing fumarate 


0 20 40 60 80 100 


DOC hydroxylation (%) 


Fig. 3. Effect of replacing fumarate by other members of 
the tricarboxylic acid cycle on the hydroxylation of DOC 
by soluble adrenal enzyme incubated in air for 1 hr. at 
37°. Reaction mixture contained about 0-1 mm TPN‘, 
40 mo tris, pH 7-4, 2 ml. of enzyme and the substances 
shown, in a final volume of 3 ml. About 500 ug. of DOC 
was added in 0-04 ml. of propylene glycol. Double lines 
at ends of bars indicate duplicate values. 
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preparation was stored for 24 hr. at 0°. The results 
illustrated in Fig. 2 shows that activity is lost on 
dialysis and that it is restored by 1 mm-Co?*, 
-Mn?+ or -Ni?+ ions. Fe?+ ions showed some effect; 
Cu?+ and MoO,?~ ions had no effect. 

L-Malate and DL-isocitrate could replace fumarate 
(Fig. 3), but «-oxoglutarate, which was the best 
‘activator’ of DOC 11f-hydroxylation by adreno. 
cortical mitochondria (Brownie & Grant, 1954) was 
relatively ineffective with the soluble enzyme 
preparation (Fig. 3d). The reduction of TPN™ is 
known to be coupled with the conversion of L- 
malate into pyruvate (Ochoa, Mehler & Kornberg, 
1948) and with the oxidation of D-isocitrate (Adler, 
Euler, Gunther & Plass, 1939). The enzymes con- 
cerned in both cases are present in mitochondria, 
require Mn?+ ions and are resistant to acetone 
drying. It appeared probable therefore that in the 
present experiments L-malate from fumarate and 
DL-isocitrate were concerned with the formation of 
TPNH. In support of this suggestion it was ob- 
served that the addition of fumarate to reaction 
mixtures containing TPN* caused a marked in- 
crease in optical density at 340 my. (Fig. 4a), 
owing to TPNH formation probably according to 
the reactions: 


Fumarate —> L-malate; (1) 


L-Malate + TPN* > pyruvate + CO, + TPNH +H". 
(2) 


(a) 10 mM Fumarate, TPNt 





added at start 






(b) 10mM Fumarate +DOC, TPN* added at start 
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(d) TPNH added at start 
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(e) No fumarate, TPN* added at start 
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Fig. 4. Influence of fumarate and DOC on the oxidation of 


TPNH and the reduction of TPN* by soluble adrenal | 


enzyme incubated at 37° in cells of Unicam spectrophoto- 
meter SP. 500 (Grant, 1955). The reaction mixture con- 
tained about 0-1 mm TPN‘, 40 mm tris, pH 7-4, 2 ml. of 
enzyme and the fumarate shown, in a final volume of 
3 ml.; in one case about 500 ug. of DOC was added in 
0-04 ml. of propylene glycol. 
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When DOC was added with the fumarate the in- 
crease in optical density was less (Fig. 4b). Similar 
results were obtained with DL-ésocitrate. In the 
absence of fumarate or DL-isocitrate added TPNH 
was oxidized (Fig. 4d). It would thus appear that 
the curve obtained at the lower fumarate concen- 
tration (Fig. 4c) might be explained by the rate of 
TPN* reduction exceeding TPNH oxidation during 
the first 10 min., after which the fumarate concen- 
tration becomes the limiting factor and TPNH 
oxidation the dominant reaction. It appeared to be 
significant that the use of 10 mm fumarate, which 
led to the greater reduction of TPN*, gave 86% 
hydroxylation of DOC, whereas mm fumarate gave 
less TPNH and only 38 % hydroxylation. 


Need for TPNH in hydroxylation of DOC 


The hypothesis that TPNH is required for 
hydroxylation of DOC was investigated (a) by 
inhibiting TPNH formation, (b) by accelerating 
removal of TPNH from the system used for 
hydroxylation of DOC and (c) by direct measure- 
ment of hydroxylation of DOC in the presence of 
added TPNH. 

(a) Ochoa (1948) has shown that the following 
ceaction may be reversed by relatively high concen- 
trations of «-oxoglutarate: 


Mn?2+ 

D-isoCitrate + TPN* —- «-oxoglutarate + CO, 

+TPNH+H*. 
It has now been observed that the rise in optical 
density at 340 my. due to formation of TPNH in a 
reaction mixture containing soluble enzyme, ‘iso- 
citrate, TPN* and tris buffer was inhibited on 
addition of «-oxoglutarate and bicarbonate. The 
effect of added «-oxoglutarate and bicarbonate on 
hydroxylation of DOC is shown in Fig. 5. The poor 
hydroxylation observed in the controls (Fig. 5a) 
may be attributed to the low concentration of iso- 
citrate used to permit demonstration of «-oxo- 
glutarate inhibition and to the displacement of 
much of the air in the reaction vessel by CO, in 
order to avoid loss of CO, from the reaction mixture. 
Ochoa (1948) drew particular attention to the 


| sensitive dependence of the reaction on the concen- 


tration of CO,. It is evident, however, from Fig. 5b 
that the inhibition of TPN* reduction results in 
failure of hydroxylation of DOC. 

(6) Acetone drying as used in the preparation of 
the soluble enzyme is known to destroy cytochrome 
oxidase (Keilin & Hartree, 1938; cf. Green, Needham 


| & Dewan, 1937). Consequently, the oxidation of 


TPNH observed with such enzyme preparations 
(cf. Fig. 4d) must proceed slowly via the autoxida- 
tion of flavoproteins (cf. Theorell, 1936a, 6). In 
order to increase the rate of oxidation of TPNH, 
0-025 umole of cytochrome c and 0-1 ml. of the 
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cytochrome oxidase preparation were added to 
2 ml. of soluble enzyme. On addition of TPNH to 
give a concentration of 0-1 mm in a final volume of 
3 ml. the rate of oxidation of the coenzyme was too 
rapid to be followed in the spectrophotometer. The 
inhibiting effect of added cytochrome ¢c and cyto- 
chrome oxidase on hydroxylation of DOC is shown 
in Fig. 6b. It was also observed (Fig. 6c, d) that 
hydroxylation of DOC was inhibited when air was 
replaced by O, as the gas phase in the reaction vessel. 
This may be explained by the more rapid oxidation 
of TPNH via flavoproteins at the higher O, tension. 
These results suggest that there is an optimum 
oxygen tension for hydroxylation of DOC under the 
conditions of these experiments. 







(a) 4mM isoCitrate 


(b) 4mM isoCitrate +19 mM-NaHCO, 


(c) 4mM isoCitrate +10 mM-NaHCO 
+ 80mM a-oxoglutarate 





0 20 40 60 80 100 
DOC hydroxylation (%) 


Fig. 5. Effect of inhibiting reduction of TPN* by iso- 
citrate-isocitric dehydrogenase system on the hydroxyla- 
tion of DOC by soluble adrenal enzyme incubated in air- 
CO, for 1 hr. at 37°. Reaction mixture contained about 
0-1 mu TPN*, 40 mo tris, pH 7-4, 2 ml. ofenzyme and the 
substances shown, in a final volume of 3 ml. Fumarate 
was omitted. Reaction tubes were briefly flushed with 
CO, and stoppered before incubation. About 500 yg. of 
DOC was added in 0-04 ml. of propylene glycol. Double 
lines at ends of bars indicate duplicate values. 











(a) Normal reaction 
mixture 


(b) 0-025 mole cytochrome c 
+0-1 ml. cytochrome oxidase prep. 


(c) 1 ml. enzyme incubation 
in air, not shaken 


(d) 1 ml. enzyme incubation 
in oxygen, not shaken 


(e) 1ml. enzyme incubation 
in air, shaken 


0 20 40 60 80 100 
DOC hydroxylation (%) 


Fig. 6. Effect of stimulating oxidation of TPNH on the 
hydroxylation of DOC by soluble adrenal enzyme incu- 
bated in air or oxygen with and without shaking for 1 hr. 
at 37°. The reaction mixture contained 10 mm fumarate, 
40 mo tris, pH 7-4, about 0-1 mm TPN*, 2 ml. of enzyme 
and the substances shown, in a final volume of 3 ml. About 
500 pg. of DOC was added in 0-04 ml. of propylene glycol. 
Double lines at ends of bars indicate duplicate values. 
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(c) The requirement for TPNH for hydroxylation 
of DOC was confirmed by observations (Fig. 7c) that 
the reaction occurred on the addition of TPNH to 
reaction mixtures containing no fumarate. The 
addition of the same concentration of TPN* or of 
DPNH was without effect (Fig. 7b, d). Hydroxyl- 
ation of DOC was also achieved on the addition of 
TPNH to an enzyme preparation which had been 
dialysed against 0-154M-KCl for 24hr. at 0°. In 
this case, since the 118-hydroxylation of DOC is no 
longer dependent on the reaction 


Mn?+ 
[malate + TPN* —~+ CO,+pyruvate + TPNH] 


the addition of MnCl, had no effect on the results 
(Fig. 7e-g; ef. Fig. 2). 


Investigation of the role of TPNH in 
hydroxylation of DOC 


Brodie et al. (1955) have described an enzyme 
system from rabbit liver which hydroxylates certain 
aromatic compounds and appears to require TPNH 
and O,. Subsequently Brodie (personal communi- 
cation) showed that H,O, was formed during the 
oxidation of TPNH in his enzyme preparation, 
which contained no cytochrome oxidase. He con- 
sidered that this H,O, might be the hydroxylating 
agent. It appeared that TPNH might have a 
similar role in the adrenal enzyme system now 
under investigation. The inhibition of hydroxyla- 
tion of DOC with increasing O, tension (ef. Fig. 6) 
is not, however, in accordance with this view. No 
hydroxylation of DOC occurred on addition of 
H,O, (0-0001—0-01M) to the solution of enzyme in 
the absence of TPN”. When H,O, was generated 
slowly in the soluble enzyme preparation by the 
addition of 0-01 M uric acid and uricase, no hydroxyl- 
ation of DOC occurred, although the same system 
effected the coupled oxidation of ethanol described 
by Keilin & Hartree (1936). Addition of catalase in 
concentrations up to one part of the suspension of 
crystals in ten of the final reaction mixtures con- 
taining DOC, soluble enzyme, uric acid and uricase 


Table 5. 


Type of reaction 
Reduction of C-3 ketone of 
progesterone and other steroids 
Reduction of C-20 ketone of 
tetrahydrocortisone (38:17x:21- 
trihydroxypregnane-3:20-dione) 


C-18 and C-19 hydroxylation of 
DOC 


Conversion of DOC into 
aldosterone 

C-17 and C-21 hydroxylation of 
steroids 


J. K. GRANT 


Enzyme preparation 
Particle-free soluble fraction of 
rat-liver homogenate 
Rat-liver homogenate 


Ox-adrenal homogenate 
Ox-adrenal homogenate 


Particle-free soluble fraction of 
ox-adrenal homogenate 
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was without effect. It would thus appear that 
under these conditions H,O, is unable to effect 
hydroxylation of the steroid. 


DISCUSSION 


In a previous communication (Brownie & Grant, 
1956) it was shown that the ‘specific’ requirement 
for fumarate (Hayano & Dorfman, 1953) arose 
when adrenocortical mitochondria which contain 
the steroid 11f8-hydroxylating enzyme were sub- 
jected to treatment which disorganized their 
structure. Experiments with the soluble enzyme 
described here have indicated that the role of added 
fumarate is to provide i-malate and that the oxi- 
dative decarboxylation of this substance maintains 
the concentration of TPNH required for steroid 
11f8- and probably also 68-hydroxylation. The 
TPN*-coupled oxidation of D-isocitrate fulfils a 
similar role. It is probable that fumarate and iso- 
citrate have similar functions in other enzyme 
systems which have been employed to effect 
steroid transformations (Table 5). 


(a) Normal reaction 
mixture 

(b) 06m™M TPN, 
fumarate omitted 

(c) 06m™M TPNH, 
fumarate omitted 

(d) 06m™M DPNH, 
fumarate omitted 

(e) 0-6mM TPN* +01 mM-Mn**, 
fumarate omitted 












(f) Dialysed enzyme, 
0°6mM TPNH, no fumarate 


(g) As (f) +01 mM-Mn2* 


80 
DOC hydroxylation (%) 


0 20 40 60 100 


Fig. 7. Influence of DPNH, TPN* and TPNH on the 
hydroxylation of DOC by dialysed and stored soluble 
adrenal enzyme incubated for 1 hr. at 37°. The reaction 
mixture contained 40 mm tris, pH 7-4, 2 ml. of enzyme 
stored or dialysed at 0° for 24 hr. and the substances shown, 
in a final volume of 3 ml. Fumarate was omitted. About 
500 pg. of DOC was added in 0-04 ml. of propylene glycol. 


Enzymic transformations of steroids involving fumarate and isocitrate as ‘activators’ 


Reference 

Tomkins & Isselbacher 
(1954) 

C. de Courey & J. J. 
Schneider (un- 
published observa- 
tions) 

Kahnt, Neher & 
Wettstein (1955) 
Wettstein, Kahnt & 
Neher (1955) 
Samuels (1953) 


* Activator’ 
isoCitrate, TPN+ 


Fumarate, DPN+ 


Fumarate, DPN*, 
TPN‘, ete. 


Fumarate, etc. 


Fumarate, etc. 
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Glock & Maclean (1955) have shown that rat 
adrenals contain high concentrations of TPNH, and 
Chance & Williams (1955) have demonstrated that 
in actively respiring rat-liver mitochondria the 
pyridine nucleotides are very largely in the reduced 
state. It is therefore probable that ox-adrenal 
mitochondria, which possess the intact sequence of 
enzymes concerned in the tricarboxylic acid cycle, 
would maintain the concentration of TPNH 
necessary for hydroxylation of DOC in the presence 
of any member of the cycle without showing a 
specific requirement for fumarate. This has been 
demonstrated by Brownie & Grant (1954). In 
addition, evidence was produced that with the 
intact mitochondria oxidative phosphorylation was 
necessary for DOC hydroxylation, and it was sug- 
gested that this may be required for ‘active trans- 
port’ of the steroid into the mitochondria. The 


R 
HO.O 


(I) (II) 


present investigations have shown that there is no 
requirement for oxidative phosphorylation with 
soluble enzyme preparations, which present no 
permeability barriers. 

Sweat & Lipscomb (1955) have also presented 
evidence that TPNH is a cofactor for 118-hydroxyl- 
ation and suggest that it is formed by the following 
sequence of reactions: 


Fumarate — L-malate, 
L-Malate + DPN* -> oxaloacetate + DPNH +H", 
DPNH+TPN*t > DPNt + TPNH. 


The requirement for the coenzyme in the reduced 
form supports the suggestions of Brownie & Grant 
(1956) that TPN* does not function as 4 hydrogen 
acceptor in the 11f8-hydroxylation reaction and 
that the steroid is not dehydrogenated during this 
reaction. 

Brodie et al. (1955) reported that TPNH and 
molecular oxygen are required for the hydroxylation 
of certain drugs by liver-microsome preparations. 
Hydrogen peroxide, which was shown to be formed 
during the oxidation of the TPNH, was thought 
to be the hydroxylating agent (Brodie, personal 
communication). The addition of H,O, alone, 
however, did not effect hydroxylation, an observa- 
tion which was attributed to the failure of H,O, to 
enter the microsomes. 

Hayano, Lindberg, Dorfman, Hancock & Doering 
(1955) have recently reported that %O enters the 
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118-hydroxyl group from isotopic molecular 
oxygen but not from H,%O. It would thus appear 
that the 118-hydroxylating enzyme is an oxygen- 
transferase. As such it would be similar to the 
phenolase complex, whose hydroxylating activity is 
also coupled with an electron source which may in 
turn be linked to the usual pathways of metabolism 
by reduced pyridine nucleotides (Mason, Fowlks & 
Peterson, 1955). The observations of Hayano e¢ al. 
(1955) have been confirmed by Sweat & Mason 
(unpublished observation) for the11 B-hydroxylation 
of 17-hydroxy-DOC (17«:21-dihydroxypregn-4-ene- 
3:20-dione) and by Bergstrém (personal communica- 
tion) for the 7«-hydroxylation of deoxycholic acid 
(3a:12«-dihydroxycholanic acid). 

A possible mechanism for steroid hydroxylation 
involving direct attack by molecular oxygen is 
shown in the following scheme. 


+H,0 


O 
(II) 


This involves the formation of an unstable hydro- 
peroxide (II) which is reduced to the hydroxy- 
steroid III. Such a scheme may be compared with 
that proposed for the autoxidation of cholesterol at 
C-7 (Bergstré6m & Wintersteimer, 1942). The 
alternative of a steroid trans-annular peroxide 
involving the 11-position is ruled out, since the 
subsequent reduction of such a compound would 
introduce hydrogen into a stable position in the 
molecule. It is known that no reduction involving 
the introduction of hydrogen into a stable position 
occurs during the 11f8-hydroxylation of steroids 
(Hayano & Dorfman, 1954). 

The simple autoxidation of DOC in the present 
experiments is excluded by the observations that 
hydroxylation does not occur on incubation of the 
steroid with heat-inactivated enzyme or with 
active enzyme in absence of TPN* or fumarate. 

Autoxidation of cholesterol at the 7-position 
activated by the neighbouring double bond gave 
rise to both «- and £-hydroxy derivatives (Bergstrém 
& Wintersteiner, 1941). With DOC the 6-position is 
similarly activated by the neighbouring double 
bond, but the production of the 68-hydroxy epimer 
alone must be attributed to the enzymic character 
of the reaction. Attack at the 11-position in DOC 
would not be expected in a normal autoxidation. 
An explanation of the position of attack and its 
stereospecificity in introducing the hydroxyl group 
in the 11f-position must again be sought in the 
enzymic nature of the reaction. 
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If hydroperoxides are in fact intermediates in 
steroid 68- and 11f-hydroxylation it would be 
reasonable to assume that TPNH is involved in 
their reduction to hydroxy compounds. (Capp & 
Hawkins (1953) have found that tertiary amines are 
generally more effective than secondary or primary 
amines as reducing agents for hydroperoxides.) 

Evidence for the formation of steroid hydro- 
peroxides could be obtained by determination of the 
isotopic labelling of water resulting from hydroxyl- 
ation experiments performed in %O, according to 
the hypothetical reactions. 


H8O i B80 
* 


~ 7 180, 
UC 2 


H” \N 


The appearance of 68-hydroxy-DOC among the 
products of hydroxylation of DOC by the soluble 
adrenal enzyme is not unexpected, since 6£- 
hydroxy compounds have been obtained on incuba- 
tion of steroids with homogenized adrenals of the 
hog (Haines, 1952), or adrenals (Hayano & Dorfman, 
1953), ox corpus luteum (Hayano, Lindberg, 
Weiner, Rosenkrantz & Dorfman, 1954), and on 
perfusion of steroids through rat liver (Miller & 
Axelrod, 1954). Although the physiological signi- 
ficance of 6-hydroxysteroids is obscure, they seem 
to take some part in the steroid metabolism of intact 
animals, for they have been isolated from the urine 
or guinea pigs (Burstein, 1954) and human subjects 
(Lieberman, Dobriner, Hill, Fieser & Rhoads, 
1948). 


SUMMARY 


1. Incubation of DOC with a soluble enzyme 
extracted from acetone-dried ox-adrenal mito- 
chondria and supplemented with fumarate and 
triphosphopyridine nucleotide gives at least four 
products, two of which are very probably corti- 
costerone and 68-hydroxy-DOC. 

2. The role of fumarate in the 118-hydroxylation 
of steroids has been shown to be related to the 
production of reduced triphosphopyridine nucleo- 
tide (TPNH). 

3. TPNH and molecular oxygen are the only 
substances required for the 6f8- and 118-hydroxyla- 
tion of DOC by a soluble enzyme extracted from 
acetone-dried ox-adrenol mitochondria. 

4. It is suggested that 68- and 118-hydroxyla- 
tion of steroids may proceed via the formation of 
68- and 11f-hydroperoxides, which may then be 
reduced to the corresponding hydroxy compounds 
by TPNH. 


It is a pleasure to record my appreciation of the interest 
which Professor G. F. Marrian, F.R.S., has shown in this 


J. K. GRANT 


H’” \ 


1956 


work and to thank him for his encouragement. I am in- 
debted to Mr D. W. Davidson for skilled technical assistance 
and to Dr A. C. Brownie for his help with some of the pre- 
liminary experiments. Steroids used in this work were 
generously provided by Dr M. H. Ehrenstein, University 
of Pennsylvania (11-deoxy-19-hydroxycorticosterone and 
11-deoxy-68:21-diacetoxycorticosterone), Dr W. Klyne, 
Medical Research Council Steroid Reference Collection 
(corticosterone), Organon Laboratories Ltd., Newhouse, 
Lanarkshire (DOCA) and Dr A. Wettstein, Ciba Ltd., Basle 
(11-deoxy-68-hydroxycorticosterone). The expenses of the 
work were defrayed in part by a grant from the Medical 
Research Council, for which I am most grateful. 


18, 
tenp) HO 7 
———_——_—> C 


H’ 


REFERENCES 


Adler, E., Euler, H. von, Gunther, G. & Plass, M. (1939). 
Biochem. J. 33, 1028. 

Bergstrém, S. & Wintersteiner, O. (1941). J. biol. Chem. 
141, 597. 

Bergstrom, S. & Wintersteiner, O. (1942). J. biol. Chem. 
145, 309. 

Brodie, B. B., Axelrod, J., Cooper, J. R., Gaudette, L., La 
Du, B. N., Mitoma, C. & Udenfriend, 8. (1955). Science, 
121, 603. 

Brownie, A. C. & Grant, J. K. (1954). Biochem. J. 50, 255. 

Brownie, A. C. & Grant, J. K. (1956). Biochem. J. 62, 29. 

Burstein, S. (1954). [Cited by Hayano et al. (1954). Endo- 
crinology, 55, 326.] 

Burton, R. B., Zaffaroni, A. & Keutmann, E. H. (1951). 
J. biol. Chem. 188, 763. 

Bush, I. E. (1952). Biochem. J. 50, 370. 

Capp, C. W. & Hawkins, E. G. E. (1953). J. chem. Soc. 
p. 4106. 

Chance, B. & Williams, G. R. (1955). 
250. 

Conn, E. C., Kraemer, L. M., Pei-Nan, L. & Vennesland, B. 
(1952). J. biol. Chem. 194, 143. 

Daughaday, W. H., Jaffe, H. & Williams, R. H. (1948). 
J. clin. Endocrin. 8, 166. 

Drysdale, G. R. & Lardy, H. A. (1953). J. biol. Chem. 202, 
119. 

Eberlein, W. R. & Bongiovanni, A. M. (1955). Arch. 
Biochem. Biophys. 59, 90. 

Glock, G. E. & McLean, P. (1955). Biochem. J. 61, 388. 

Grant, J. K. (1955). Chem. & Ind. p. 942. 

Grant, J. K. & Brownie, A. C. (1955). Biochim. biophys. 
Acta, 18, 433. 


Nature, Lond., 176, 


Green, D. E., Needham, D. M. & Dewan, J. G. (1937). 


Biochem. J. 31, 2327. 
Haines, W. J. (1952). Recent Progr. Hormone Res. 7, 255. 


Hayano, M. & Dorfman, R. I. (1953). J. biol. Chem. 201, | 


175. 

Hayano, M. & Dorfman, R. I. (1954). J. biol. Chem. 211, 
227. 

Hayano, M., Lindberg, M. C., Dorfman, R. L., Hancock, 
J. E. H. & Doering, W. von E. (1955). Arch. Biochem. 
Biophys. 59, 529. 





M 
M: 


Mi 


Pe 


(1s 
rib 


wit 
fro 
phi 


19% 
sin 
for 
ket 
tric 


stu 
anc 
ext 
195 
pre 
Sin 
bre: 
anu 
bee: 


thai 
cerr 
pat] 








Vol. 64 


Hayano, M., Lindberg, M.C., Weiner, M., Rosenkrantz, H. & 
Dorfman, R. I. (1954). Endocrinology, 55, 326. 

Kahnt, F. W., Neher, R. & Wettstein, A. (1955). Helv. chim. 
acta, 38, 1237. 

Keilin, D. & Hartree, E. F. (1936). Proc. Roy. Soc. B, 119, 
141. 

Keilin, D. & Hartree, E. F. (1938). Proc. Roy. Soc. B, 125, 
171. 

Lieberman, K., Dobriner, K., Hill, B. R., Fieser, L. F. & 
Rhoads, C. P. (1948). J. biol. Chem. 172, 263. 

Mader, W. J. & Buck, R. R. (1952). Analyt. Chem. 24, 
666. 

Mason, H.S8., Fowlks, W. L. & Peterson, E. (1955). J. Amer. 
chem. Soc: 77, 2914. 

Mattox, V. R. & Kendall, E. C. (1951). J. biol. Chem. 188, 
287. 

Miller, L. L. & Axelrod, L. R. (1954). 
438. 

Ochoa, 8S. (1948). J. biol. Chem. 174, 133. 

Ochoa, S., Mehler, A. H. & Kornberg, A. (1948). J. biol. 
Chem. 174, 979. 


Metabolism, 3, 


HYDROXYLATION OF 11-DEOXYCORTICOSTERONE 


567 


Plager, J. E. & Samuels, L. T. (1953). Arch. Biochem. 
Biophys. 43, 476. 

Porter, C. C. & Silber, R. H. (1950). J. biol. Chem. 185, 
201. 

Potter, V. R. (1949). In Manometric Techniques and Tissue 
Metabolism, p. 211. Ed. by Umbreit, W. W., Burris, R. H. 
& Stauffer, J. F. Minneapolis: Burgess Publ. Co. 

Samuels, L. T. (1953). Ciba Foundation Colloquia Endocrin. 
vol. 7, p. 176. London: Churchill. 

Sumner, J. B. & Dounce, A. L. (1937). J. biol. Chem. 121, 
417. 

Sweat, M. L. & Lipscomb, M. D. (1955). J. Amer. chem. Soc. 
77, 5185. 

Theorell, H. (1936a). Nature, Lond., 138, 687. 

Theorell, H. (19366). Biochem. Z. 288, 317. 

Tomkins, G. & Isselbacher, K. J. (1954). J. Amer. chem. Soc. 
76, 3100. 

Wettstein, A., Kahnt, F. W. & Neher, R. (1955). Ciba 
Foundation Colloquia Endocrin. vol. 8, p. 170. London: 
Churchill. 

Zaffaroni, A. (1950). J. Amer. chem. Soc. 72, 3828. 


Pentose Phosphate Isomerase and Epimerase from Animal Tissues 


By F. DICKENS anp D. H. WILLIAMSON 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 22 April 1956) 


Pentose phosphate isomerase (PPI) was first 
described by Horecker, Smyrniotis & Seegmiller 
(1951) as a yeast enzyme which interconverts D- 
ribose 5-phosphate and p-ribulose 5-phosphate 
(R 5-P=Ru 5-P). The presence cf this enzyme in a 
wide variety of cells explains the formation of R 5-P 
from the Ru 5-P arising on the hexose monophos- 
phate oxidative pathway (for reviews see Racker, 
1954; Gunsalus, Horecker & Wood, 1955; Dickens, 
1955). This is one of the key reactions of this cycle, 
since the R 5-P accepts ‘active glycolaldehyde’, 
formed from a pentulose 5-phosphate by trans- 
ketolase, yielding sedoheptulose 7-phosphate and 
triose phosphate. 

Although the isomerase of spinach leaves has been 
studied (Axelrod, Bandurski, Greiner & Jang, 1953), 
and the plant enzyme has been much purified from 
extracts of alfalfa (lucerne) leaves (Axelrod & Jang, 
1954), little work has hitherto been reported on the 
preparation and properties of PPI of animal tissues. 
Since Glock & McLean (1954) have shown that R 5-P 
breakdown occurs rapidly in extracts of many 
animals cells, the PPI activity in some of these has 
been studied and is described in the present paper. 

Until quite recently it has been generally assumed 
that Ru 5-P is the only pentulose phosphate con- 
cerned in the hexose monophosphate oxidative 
pathway (cf. Gunsalus e¢ al. 1955). Although p- 


xylulose 1-phosphate (Xu 1-P) has been noted by 
several workers as a product of aldolase action on 
dihydroxyacetone phosphate and glycolaldehyde 
(Hough & Jones, 1952; Glock, 1952; Byrne & 
Lardy, 1954), this substance has not been clearly 
shown to be converted into the 5-phosphate, and its 
metabolism without preliminary re-cleavage by 
aldolase has not yet been demonstrated (ef. Glock, 
1952). The suggestion by McGeown & Malpress 
(1954) that guinea-pig liver extract can form a 
ribose phosphate from Xu1-P needs further 
supporting evidence, and in attempts to confirm this 
conclusion we have not yet succeeded in obtaining 
significant amounts of ribose, such as would 
demonstrate its formation. 

The production of a pentulose phosphate from 
R 5-P in crude muscle extracts was described by 
Sable (1952), who believed this to be Ru 5-P. 
Ashwell & Hickman (1954) found that a p-xylulose 
phosphate was formed by the action on R 5-P of 
a fraction from mouse-spleen homogenate ; this was 
the first indication of participation cf this ester in 
animal metabolism. Ashwell & Hickman (1955) also 
observed the presence of a substance reacting as an 
erythro-3-pentulose among the reaction products: 
they suggest that the interconversion of the 
pentulose phosphates may have occurred by way of 
a 2:3-enediol intermediate compound. 
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In extracts of certain micro-organisms which can 
utilize D-xylose (Lactobacillus pentosus, Lampen, 
1953; Mitsuhashi & Lampen, 1953; Stumpf & 
Horecker, 1956; Pseudomonas hydrophila, Hochster, 
1955), reactions have been demonstrated by which 
free D-xylose is converted by a pentose isomerase 
into D-xylulose, the last being phosphorylated 
by adenosine triphosphate acting together with 
a xylulokinase to give the 5-phosphate; this is 
transformed by an epimerizing enzyme into Ru 5-P 
and thus finally into R 5-P by pentose phosphate 
isomerase. 

The name phosphoketopento-epimerase has been 
introduced by Stumpf & Horecker (1956) for the 
enzyme responsible for the reaction Ru 5-P=Xu 5-P, 
and is abbreviated for the purposes of this paper 
to epimerase. This nomenclature seems preferable 
to the term ‘ketopentose phosphate waldenase’ 
suggested for the same enzyme by Hochster (1955), 
since it implies nothing as to the mechanism of the 
reaction, which is not yet decided. The occurrence of 
this enzyme in association with PPI in extracts of 
skeletal muscle and in Krebs II ascites carcinoma 
cells is described below. Epimerase activity is 
shown to be very low in similar extracts of PPI from 
erythrocytes. A preliminary account has been 
published (Dickens & Williamson, 1955). 

After the present work had been completed, brief 
reports appeared showing that the true substrate 
for transketolase is not Ru 5-P but Xu 5-P (Srere, 
Cooper, Klybas & Racker, 1955; Horecker, Hurwitz 
& Smyrniotis, 1956; cf. Stumpf & Horecker, 1956, 
footnote 4). This would indicate that epimerase, 
like PPI, is an essential enzyme in the hexose 
monophosphate oxidative cycle. 


EXPERIMENTAL 
Materials 

Those not described earlier (Dickens, 1938; Dickens & Glock, 
1951; Glock, 1952) were as follows. 

p-Ribose 5-phosphate (R 5-P). The barium salt, from acid 
cleavage of barium inosinate, after recrystallization still 
contained a few per cent of alkali-labile pentulose (cf. 
Glock, 1952; Moffatt & Khorana, 1956). This could be 
reduced to about 1% by column chromatography (see 
below), or more conveniently by treatment with 0-15N 
barium hydroxide for 20 min. at 20°, followed by neutraliza- 
tion with HBr and precipitation with 80% ethanol. The 
product was the dihydrate, and the pentose content of its 
solutions was based on analysis by means of the orcinol 
reaction. 

p-Ribulose. This compound (purified through the o- 
nitrophenylhydrazone) and p-xylulose (purified on a 
Dowex-1l, borate-form, column) were prepared by pyridine 
treatment of the corresponding aldoses (Glatthaar & 
Reichstein, 1935; Levene & Tipson, 1936). Crystalline 
2:3-isopropylidene-p-xylulose was a gift from Professor 
A. W. Johnson and the o-nitrophenylhydrazones of p- and 
L-ribulose were given by Professor T. Reichstein. 
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Acid phosphatase. This was prepared from potatoes 
(Schaffner, 1941), and purified by precipitation with acetone 
(45%, v/v) according to details kindly supplied by Dr B. L. 
Horecker. An 0-1 mg. quantity was an excess for the com- 
plete hydrolysis of 1 zmole of R 5-P or pentulose 5-P at 
pH 5, and did not produce any interconversion of ribulose 
and xylulose during the hydrolysis. 


Methods 


Pentuloses (present as the free sugars) were assayed as 
described by Dische & Borenfreund (1951) with colour 
development at room temperature for 2 hr. By this method 
ribulose (regenerated quantitatively from the o-nitrophenyl- 
hydrazone by benzaldehyde), ribulose combined as o-nitro- 
phenylhydrazone, xylulose and 2:3-isopropylidenexylulose 
gave identical molar absorption at 540 mu. 

2-Ketopentose phosphates. These were estimated according 
to Axelrod & Jang (1954) with an incubation period of 
30 min. at 37°. This method, a modified Dische & Boren- 
freund (1951) cysteine-carbazole reaction for keto sugars, is 
convenient, but is open to criticism on the following grounds, 
which make it necessary to control the results by estimation 
of the free sugars after phosphatase hydrolysis. Whereas 
with free ribulose the colour development with the Dische & 
Borenfreund reagent rises rapidly to a steady value after a 
few minutes, with free xylulose (cf. Stumpf & Horecker, 
1956), and with the pentulose phosphates at 37°, about 2 hr. 
are needed for full colour development (Fig. 1). Nevertheless 
the values, read after precisely 30 min. at 37°, followed by 
rapid cooling, are linearly related to the ketopentose content. 
An empirical correction factor of 2-2 must be applied to the 
readings when the pentuloses are present as phosphate 
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Fig. 1. Rate of colour development in the Dische & 
Borenfreund (1951) pentulose reaction. @, Free ribulose, } 
0-175 umole, 20°; O, free xylulose, 0-180 umole, 20°; 
m. pentulose phosphates from muscle preparation, 
0-175 umole, 37°; 1, D-xylulose 1-phosphate, 0-180 pmole, 
37°. The temperatures are those for colour development 
(see text). 
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esters, and if the reading is taken after this standard 30 min. 
period. The method has been used only as a rough guide in 
following ketopentose phosphate formation. 

Phosphatase hydrolysis of sugar phosphates. For analytical 
purposes, | ml. total volume, containing pentose phosphates 
equivalent to not more than 100 yg. of pentose together with 
0-2M acetate, pH 5, and 0-01mM-MgCl,, was incubated with 
0-1 mg. of acid phosphatase for 2 hr. at 37°. Samples were 
then used for determination of pentulose (Dische & Boren- 
freund, 1951) or for the orcinol test. 

Orcinol reaction. This was as described by Mejbaum (1939), 
with a 45 min. heating period. The loss of absorption at 
670 mu. in the orcinol reaction after 10 min. contact with 
n-NaOH at 20° gave the alkali-labile pentose phosphate. 
With these conditions, the destruction of pentuloses com- 
bined as the 5-phosphates is virtually complete, whereas the 
aldopentose 5-phosphates and the pentulose 1-phosphates 
are stable, the orcinol reaction being unaffected. 

The molar absorption at 670 my. was the same for free 
aldopentose and aldopentose 5-phosphate. The pentulose 
5-phosphates gave only 70% of the absorption due to 
equivalent aldopentose, and the free pentuloses, or their 
derivatives (ribulose o-nitrophenylhydrazone, isopropyli- 
denexylulose) gave only 50% of that due to equivalent 
aldopentose (cf. Horecker et al. 1951), with the standard 
conditions. The use of these factors is not suitable for 
accurate determination, which was based on analyses before 
and after phosphatase action, determination of alkali- 
labile pentulose phosphate, and comparison with the Dische 
& Borenfreund (1951) reaction, as well as column chromato- 
graphy. 

The ratio of absorption, in the orcinol reaction, at 
540/670 mp. is a useful aid in identifying pentuloses (cf. 
Horecker et al. 1951); the ratios found by us were: D- 
ribulose, 0-85-1-00; p-xylulose, 0-35-0-46; 3-pentulose (see 
below), 1-15. The ranges given cover the variations ob- 
served, the lower values being given by larger amounts of 
pentulose in the standard test. 

Bromine oxidation fcr removal of aldopentose. Aldo- 
pentose was selectively removed, in the presence of keto- 
pentose, by adding to the solution (4 ml. of water containing 
up to 15 wmoles of pentose) 40 mg. of BaCO, and 0-2 ml. of 
saturated bromine water. After magnetic stirring at 20° for 
1 hr. the barium salts were removed by centrifuging and the 
excess of bromine by a stream of nitrogen. Pentulose 
recovery in the final solution was 95% of that originally 
present, as shown by the Dische & Borenfreund (1951) 
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reaction. For larger quantities proportional amounts of 
reagents were taken. The use of a large excess of bromine 
must be avoided. 

Deionization. Woolf (1953) has pointed out that the loss of 
sugars during deionization by mixed-bed resins may be 
avoided if the strongly basic component is first partially 
neutralized with CO,. Dr T. R. E. Kressman of Permutit 
Ltd. kindly supplied a special (Biodemineralit G) mixed-bed 
resin, containing the less basic Deacidite G instead of the 
usual Deacidite FF, which has proved completely satis- 
factory for deionizing sugar solutions with nearly quanti- 
tative recovery. This step was regularly included after 
phosphatase treatment and before fractionation on either 
analytical or preparative columns. 


Chromatography 


Column chromatography. This was done on Dowex-l 
resin (Dow Chemical Co., Midland, Michigan; 200-mesh, 
10% cross-linked), used in the borate form for free sugars 
(Lampen, 1953), and in the formate form for sugar phos- 
phorice acids (Horecker e¢ al. 1951). Analytical columns, 
lem. diam. x 15 cm., were used with small test samples 
(50-100 pmoles) of pentose or pentose phosphate. Fractions 
of 10 ml. at a flow rate of 1-5-2 ml./min. were received in an 
automatic collector (Towers and Co. Ltd.) and analysed by 
the methods described. 

For free sugars the eluents were 0-02mM sodium borate 
(Na,B,0,; removes xylulose) and 0-04m sodium borate 
(removes ribulose) (cf. Fig. 7). For pentose phosphates 
elution was with 0-1 formic acid containing 0-1 m sodium 
formate and from the pooled fractions, cautiously neutral- 
ized with Ba(OH),, the barium salts were precipitated by 
addition of 4 vol. of ethanol. This precipitation was 
usually repeated after discarding water-insoluble material. 
Examples are given below. 

Separation of phosphates of aldopentoses and pentuloses. 
Separation was effected by a column of Dowex-1 (chloride 
form), 1 cm. diam. x 14cm. Pentulose 5-phosphates were 
eluted, without separation of the xylulose- and ribulose-5- 
phosphates, by 0-03 M-NH,Cl containing 0-0005 m-Na,B,0,. 
This does not elute ribose 5-phosphate (cf. Khym & Cohn, 
1953), which appears as a second well-separated peak when 
0-05M-NH,Cl without added borate is run through the 
column (ef. Fig. 6). 

For preparative purposes the presence of Cl ions was 
undesirable, owing to the resulting contamination of the 


Table 1. Paper chromatography of free pentoses 


Phenol-water (4:1); front movement 300 mm.; 17 hr. on Whatman no. 1 paper (descending chromatogram). The last 
three columns give the colours on spraying; for conditions see text. 





Rp Aniline phosphate 
(Hochster, Orcinol-TCA — ———_—— 

Pentose Ry 1955) alone* Alone* As oversprayT 
D-Ribose 0-59 0-63 None Red None 
D-Ribulose 0-66 0-70 Brownish yellow Yellowish brown Bright pink 
D-Xylose 0-44 0-49 None Red-brown None 
D-Xylulose 0-59 0-63 Purple Yellowish brown Grey-purple 
Ribulose + xylulose 0-64; 0-58 _— — — ae 
3-Pentulose 0-63 — Brownish yellow Orange 


* With heating at 100° after spraying. 
{ Without subsequent heating after second spraying (first sprayed with orcinol-trichloroacetic acid (TCA) and heated 
to 100°). 
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barium salts with BaCl,. It was found preferable to use 
Dowex-1 (formate form) and perform successive elutions 
with 0-15M ammonium formate containing 0-005M- 
Na,B,O, (removes pentulose phosphates), followed by 
borate-free 0-5M ammonium formate for elution of ribose 
5-phosphate. This separation was entirely satisfactory: an 
example is shown in Fig. 6. 

Paper chromatography. Descending chromatograms were 
made on Whatman no. | paper with phenol—water (4:1, v/v) 
which, in agreement with Hochster (1955), was found best of 
several systems tried for the separation of free pentuloses 
(Table 1). The dried chromatogram was sprayed, first with 
trichloroacetic acid—orcinol (Klevstrand & Nordal, 1950), 
then after drying at 100° oversprayed (Hochster, 1955) with 
aniline phosphate (Bryson & Mitchell, 1951). The latter 
reagent (1-3 ml. of aniline and 0-6 ml. of orthophosphoric 
acid, sp.gr. 1-75, in 100 ml. of acetic acid) has proved 
advantageous over the aniline phthalate used by Hochster 
(1955), in that after heating to 100° it will detect clearly 
both aldopentoses and pentuloses (cf. Table 1). Also, on 
keeping the papers after overspraying with this reagent, 
aldose spets slowly develop at room temperature; the ketose 
spots appear at once, even without reheating. 

Melting points. Those quoted are uncorrected. 


RESULTS 
Preparation of tissue extracts and activity test 


Acetone-dried tissue. Freshly excised rabbit 
muscle was chilled and disintegrated in acetone 
previously cooled to —5°, in an Atomix or Nelco 
blendor (Measuring and Scientific Equipment, Ltd., 
London). The filtered powder was washed with cold 
acetone and dried in vacuo over CaCl,. Erythro- 
cytes of the horse, and Krebs II carcinoma ascites 
cells of the mouse, were centrifuged, washed with 
isotonic saline, and similarly treated with acetone. 
The acetone-dried powders stored at — 10° retained 
their activity for months. 

Determination of enzymic activity. Pentose 
phosphate isomerase (PPI) activity was determined 
as described by Axelrod & Jang (1954). An example 
is shown in Fig. 2, which also illustrates the unit of 
activity adopted. Since the extracts usually con- 
tained also xylulose phosphate epimerase, the 
colorimetric standard was normally the pentulose 
phosphate (equilibrium mixture of ribulose 5- 
phosphate and xylulose 5-phosphate) freed from 
aldopentose and isolated as barium salt, as de- 
scribed below. The total pentulose of the prepara- 
tion was determined after phosphatase hydrolysis 
by the analytical methods already described. 

Preparation of enzyme extracts. Centrifuging and 
other operations were at 0—4°. The acetone-dried 
tissue was stirred with 10 times its weight of 0-05m 
aminotrishydroxymethylmethane (tris) buffer, 


pH 7-4, for 15 min. The extract from muscle was 
strained through muslin; extracts from erythro- 
cytes and ascites cells were centrifuged. The 
residue was re-extracted similarly, and the combined 
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extracts were then rapidly heated to 55—60°, held at 
this temperature for 3 min. and cooled immediately 
to 0°. The clear filtrate obtained by filtering through 
a fluted agar-filter paper was brought to 0-3 satura- 
tion by addition of solid ammonium sulphate, and 
the centrifuged precipitate discarded. To the super- 
natant further solid ammonium sulphate was added 
to 0-5 saturation. After about 2 hr. at 0°, the pre- 
cipitate was collected by centrifuging, suspended in 
water and dialysed at 0° overnight against water. 
The insoluble globulins were centrifuged off and the 
supernatant fluid, which contained the enzyme, 
was usually freeze-dried. The dry preparation was 
quite stable when stored at — 10°. 

Table 2 shows this purification, as applied to 
muscle extract. Similar results were obtained with 
erythrocytes and ascites tumour cells. 

Further purification can be obtained by ad- 
sorption on calcium phosphate gel, followed by 
elution of the active material with successive 
portions of tris buffer (0-1m, pH 7-0), whereby the 
units/mg. of protein are increased twofold. Little 
fractionation was obtained by precipitation at 
pH 4-6 (slight removal of inactive material) or by 
fractionation with ammonium sulphate at pH 5. 

Activity of the muscle-enzyme preparation. The 
PPI activity, measured as the ketopentose forma- 
tion from barium R 5-P (cf. Axelrod & Jang, 1954), 
is related to the quantity of enzyme, as shown in 
Fig. 2. Essentially similar results were obtained 
when the sodium salt was used instead of the barium 
salt. Fig. 2 also shows the unit of enzymic activity 
adopted: for assay purposes enzyme strength was 
adjusted by suitable dilution to fall on the linear 
portion of Fig. 2. 

The enzyme from animal tissues is fairly thermo- 
stable, like that from lucerne (Axelrod & Jang, 
1954). Heating in tris buffer at pH 7 for up to 
3 min. at 70° yielded solutions having 90% of the 
initial PPI activity. 

At other stages used in the purification losses are 
greater, particularly on dialysis. Attempts at 
reactivation by Mg?* ions or cysteine, or protection 
by cysteine during dialysis, were not successful. 


Table 2. Purification of pentose phosphate isomerase 
from rabbit skeletal muscle 


Rabbit muscle (470 g.) gave 100g. of acetone-dried 
powder, which was extracted with the following results: 


Stage Amount Units 

Tris-buffer extract 1700 ml. 6400 

Heated, centrifuged 1520 ml. 5750 

Ammonium sulphate fraction 40 ml. 1720 
(0-3-0-5 sat.) 

Dialysed, centrifuged, 133 mg. 880 


freeze-dried 
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The average relative activity of PPI in the crude 
extracts from acetone-dried powders prepared from 
the various tissues was: rabbit muscle 55, horse 
erythrocytes 280, ascites tumour cells 800 units/g. 
of acetone-dried powder. The very high activity in 
the Krebs II ascites carcinoma is noteworthy. An 
active PPI was also detected in rat intestinal 
mucosa. After purification by the method de- 
scribed, the freeze-dried preparation from erythro- 
cytes was the most active (10000-16000 units/g.), 
that from muscle having 4000-7000 units/g. 


0-4 
03 
02 


01 


Pentulose phosphate formed (umole) 


02 04 06 08 10 12 
Protein (mg.) 


Fig. 2. Activity curve of a PPI preparation from muscle. 
Incubation, 10 min. 2t 37° with 1-25ymole of R5-P 
(barium salt); pH 7-4, tris buffer 0-1m. Corrected for 
initial pentulose, which here was 0-11 umole. One enzyme 
unit is here 1 mg. of protein =10 x the amount producing 
0-1 umole of pentulose (cf. Axelrod & Jang, 1954). 
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pH 
Fig. 3. pH—Activity curve for the muscle enzyme. 
@, Acetate—veronal buffer; O, tris buffers. 
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The optimum activity of the muscle enzyme 
occurs over the pH range 7-9 (Fig. 3). 

The specificity was high: no pentulose was 
formed from any of the following: D-xylose 5- 
phosphate, D-arabinose 5-phosphate, D-xylose, 
D-arabinose or D-ribose. Since the purest prepara- 
tions still contained an active aldolase, D-xylulose 
1-phosphate, like fructose 1:6-diphosphate, was 
attacked with disappearance of keto sugar, but no 
alkali-labile ketopentose phosphate [tested for by 
the orcinol reaction and Dische & Borenfreund 
(1951) reaction] was produced. This indicates that 
no pentulose 5-phosphate was formed, since these 
compounds are alkali-labile, and the xylulose 1- 
phosphate is stable to alkali under the usual condi- 
tions (see Methods). Addition of Mg?* ions and 
thiamine pyrophosphate during incubation did not 
affect this result. 

Aldolase and hexose phosphate isomerase were 
present in the extracts from muscle, as these 
enzymes are precipitated in the region of 0-5 
saturation with ammonium sulphate, and are not 
removed during the purification procedure. Table 3 
gives a comparison of aldolase and PPI activity for 
three tissues. Unlike the extracts from muscle and 
ascites tumour cells, that from erythrocytes is free 
of aldolase activity. This important point will be 
discussed later. 

Inhibitors of PPI activity. The following gave no 
significant inhibition with muscle PPI when the 
purified enzyme was treated in tris buffer (0-1m, 
pH 7-4) for 10min. at 37° with the substance: 
iodoacetic acid (10-?m), fluoride (5x 10-*m), 
arsanilic acid (10-*m), cystine (2 x 10-4m). Inhibi- 
tions of from 15 to 60% were given by rather high 
concentrations of iodosobenzoate (10-*m), iodo- 
acetamide (10-?m), hydrazine (10-?m), ethylene- 
diaminetetraacetic acid (EDTA; 5x 10-*m), and 
also by CuSO, (1-6 x 10-*m). 5-Phosphoribonic acid 
(2 x 10-*m) inhibited 45%; a similar but stronger 
inhibition was observed for lucerne PPI by Axelrod 
& Jang (1954). 


Table 3. Aldolase activity compared with pentose 
phosphate-isomerase activity of extracts 
Period of incubation: for aldolase, 15 min. at 30° with 
fructose 1:6-diphosphate (FDP) in 0-1 tris buffer, pH 8-6 
(method of Sibley & Lehninger, 1949). For PPI, usual 
assay conditions (see Methods); 10 min. at 37°, pH 7-4. 
Triose-P PPI activity 
from FDP (u-moles of 


(u-moles; pentulose/ 
Enzyme preparation mg./hr.) mg./hr.) 
Purified, from rabbit muscle 152 26-4 
Purified, from horse 0 72-0 
erythrocytes 
Crude, from acetone-dried 12 4:8 


Krebs II ascites carcinoma 
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The most striking inhibition, which can be 
completely reversed by cysteine, is caused by 
mercurial compounds (Table 4). The enzyme may 
presumably be considered, therefore, to belong to 
the iodoacetate-resistant sulphydryl type, which 


Table 4. Inactivation of pentose phosphate isomerase 
from muscle by mercury and reactivation by cysteine 


Thunberg tubes contained, in the hollow stoppers, 
cysteine to give a final concen. of 10-*m. The main part 
contained rabbit muscle PPI (50 yg.) in 0-1M tris buffer, 
pH 7-4, to make the total volume 1 ml., with or without 
p-chloromercuribenzoate (final conen., 10-‘m). After 
evacuation and incubation for 5 min. at 37°, the cysteine 
was tipped in and incubation continued for a further 
10 min. at 37°. The PPI activity was then determined by 
opening the tubes, adding 1-25 umole of R 5-P, incubating 
for 10 min. at 37°, and estimating pentulose formation as 
usual. 

1 2 3 + 

p-Chloromercuribenzoate - - 

Cysteine - + _ + 
Pentulose formed (u-mole) 0-209 0-206 0-000 0-206 
Per cent of original PPI 100 99 0 99 
activity 


Tube no. 
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Fig. 4. Rate of formation and removal of pentulose phos- 
phate by muscle enzyme. O, Substrate, 90% of Ru 5-P; 
10% of Xu 5-P; @, substrate, R 5-P. Substrate concen. 
1-25 umole/ml.; at 37° containing 50g. of enzyme 
protein. Samples were removed for analysis at the times 
shown, heat-inactivated and hydrolysed by acid phos- 
phatase, and the pentulose was determined (see Methods). 
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probably includes also two other enzymes (glucose 
6-phosphate dehydrogenase and _ 6-phosphoglu- 
conate dehydrogenase; Glock & McLean, 1953) of 
the hexose monophosphate oxidative pathway. 
Level of pentulose phosphate formation and re- 
versibility. When R 5-P is treated with an excess 
of pentose phosphate isomerase, the content of 
pentulose rises and reaches a steady state after 
about 1 hr. at 37° (Fig. 4). Expressed as the molar 
percentage conversion of total pentose (aldopentose 
and pentulose) present into pentulose, the ‘equi- 
librium’ value varied slightly with different pre- 
parations, but was 36-47 % for muscle, 32-37 % for 
erythrocytes (cf. Dickens & Williamson, 1955) and 
35-37 % for the ascites tumour cells. These values 
represent a considerably higher percentage con- 
version of total pentose into pentulose than that 
earlier recorded by Horecker e# al. (1951), who found 
for the yeast enzyme 25% of pentulose. They are 
also higher than for the lucerne enzyme (Axelrod & 
Jang, 1954; 24-4 % at 37°). The reverse reaction was 
demonstrated by incubating the muscle enzyme 
with the barium salt of the pentulose phosphate, 
prepared (as described below) from the incubation 
of the erythrocyte enzyme with R 5-P. The product 
is approximately 90 % pure D-rubulose 5-phosphate, 
as will be shown later. On incubation with the 
muscle enzyme (Fig. 4) 55% of the pentulose 
present disappears (being transformed into ribose 
5-phosphate), at the same rate and to the same end- 
point as the transformation of added ribose 5- 
phosphate into pentulose 5-phosphate (see Fig. 4). 
The incubation, if prolonged, is accompanied by 
a small loss (10%) of total pentose phosphate 
present. The fact that this loss is so low even with 
crude muscle extracts, or even when aqueous 
extracts of fresh minced muscle are used (Fig. 5), 
indicates that very little transformation of pentose 
beyond the pentulose stage occurs in muscle (ef. 
Sable, 1952). Direct estimations of hexose mono- 
phosphate, by Zwischenferment, showed that even 
after incubation for 2 hr. this amounted to only 2% 
of the pentose phosphate. Similarly, heptulose 
(estimated by the difference in absorption at 610 and 
530 my. in the orcinol reaction of Dische, 1953) 
accounted for only 5%, and triose phosphate 
(estimated by reduction of diphosphopyridine 
nucleotide by glycerophosphate dehydrogenase 
containing triose phosphate isomerase) for less than 
2%, of the total products. Thus although skeletal 
muscle (of rat and mouse) does contain some 
transketolase-transaldolase activity (Glock & 
McLean, 1954), this system was exceedingly weak in 
our extracts of rabbit skeletal muscle. 
Erythrocyte preparations also showed a similar 
stable end-point in the transformation of R, 5-P into 
ribulose 5-phosphate. The reducing power measured 
by the method of Nelson (1944) showed no change 
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during this incubation. Liver extracts, on the other 
hand, prepared from acetone-dried rat liver in the 
usual way, had an active transketolase (cf. Horecker, 
Smyrniotis & Klenow, 1953), as shown by the high 
proportion of triose phosphate detected in liver 
extracts after incubation with R 5-P. These pre- 
parations from liver, therefore, gave bluish colours 
in the cysteine carbazole test for ketopentose, quite 
unlike the clear permanganate colour obtained with 
muscle, erythrocytes and ascites tumour cells. 


Nature of the ketopentose 


When this work was begun, it was commonly 
assumed that the only ketopentose formed enzymic- 
ally from R 5-P was ribulose 5-phosphate (Horecker 
et al. 1953; Axelrod & Jang, 1954). It was thought 
necessary (Dickens & Williamson, 1955) to separate 
the aldopentoses and pentuloses and identify them, 
since our experiments had revealed very marked 
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Fig. 5. Incubation of crude muscle extract with’ R 5-P. 
Fresh rabbit muscle was extracted in a Nelco blendor 
with 9 vol. of 0-15M-KCI containing 0-002 m-K HCO,. The 
dialysed extract was incubated at 30°, pH. 7-6, with 0-005 m 
R 5-P (sodium salt) exactly as described by Glock & 
McLean (1954) in the presence of 0-01M-MgCl, ; 0-06m 
glycylglycine buffer. Samples (1 ml.) were deproteinized 
at intervals. @, Pentulose phosphate; O, alkali-stable 
(aldo-)pentose phosphate (orcinol reaction); gg, total 
orcinol-reacting pentose. The apparent decrease in total 
orcinol-reacting pentose is largely due to the fact that 
pentulose phosphates give only approx. 70 % of the colour 
given by an equivalent amount of R 5-P (see Methods). 
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differences in properties of the ‘equilibrium mixture’ 
from the action of muscle and erythrocyte prepara- 
tions on R 5-P. 

For isolation of the products, quantities of 1 g. of 
barium R, 5-P dissolved in 25 ml. of water adjusted 
to pH 7-0 were incubated at 37° with approximately 
200 units (30 mg.) of various preparations of pentose 
phosphate isomerase. The incubation period (60— 
120 min.) extended 30 min. beyond that at which 
the pentulose formation reached a steady level. The 
reaction was stopped and the solution deproteinized 
by addition of 1-5 ml. of perchloric acid, followed 
by cautious neutralization to pH 7 by KOH. The 
filtrate was shaken with 2 g. of BaCO, and 25 ml. of 
freshly saturated bromine water at 20° for 1 hr. to 
remove aldoses. The clear filtrate, together with the 
washings (90 ml.), was aerated to remove excess 
bromine and adsorbed on a Dowex-1 (borate form) 
column, 3 cm. diam. x 12 em., washed through with 
100 ml. of water and eluted with 0-1m formic acid 
containing 0-1 mM sodium formate. Fractions (50 ml.) 
were collected and analysed; fractions 15-18, 
containing the pentulose phosphate, were combined 
and the barium salt was precipitated from them as 
usual (see Methods). The yield of crude barium salt 
(A) was 435 mg. from the rabbit-muscle enzyme 
preparation. The purity, based on ketopentose 
content, was 71%, corresponding to 31% of the 
total R 5-P taken, or 80% recovery of the total 
pentulose. At least 90% of the pentose phosphate 
was alkali-labile (i.e. less than 10% of aldopentose 
was present). The impurities (mainly BaCO, and 
barium formate) could be reduced by redissolving 
in a small volume of water and reprecipitation by 
ethanol, after filtration. Normally the crude salt 
(A) was used. 

A similar preparation was made with the enzyme 
from horse erythrocytes. After incubation for 
90 min. of the same quantities a yield of 300 mg. of 
barium pentulose phosphate (B) of similar purity 
was obtained. 

In some experiments column-adsorption analysis 
was used instead of bromine oxidation to separate 
successfully the aldopentose and pentulose phos- 
phates. The results (e.g. Fig. 6) were similar to 
those described, but no separation of individual 
pentulose phosphates was obtained by this method, 
and recovery of the total pentulose present tended 
to be lower. 

Identification of the pentuloses present in the 
barium salts. The barium salts (A and B, above) 
of the pentulose phosphates obtained from muscle 
and erythrocyte preparations were hydrolysed by 
incubation with acid phosphatase. For this purpose, 
barium was first removed by a slight excess of 
Na,SO,, and after the phosphatase treatment the 
solution was deionized by a column of Biode- 
mineralit G (see Methods), the free sugars being 
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washed through with water. After concentration 
in vacuo the sugar solutions were first made 0-01M 
in Na,B,O, and then adsorbed on a column of 
Dowex-1 (borate form). Typical experiments for 
column analysis of muscle and erythrocyte prepara- 
tions are described. 

Muscle preparation. Fig. 7 (A) illustrates the 
separation of pentuloses obtained from the barium 
salt (20 mg. of prep. A, equivalent to 30 wmoles of 
total pentulose). The first sharp peak (I) eluted by 
0-02mM-Na,B,O0, contained 11-7 zmoles of pentulose 
(by the Dische & Borenfreund reaction), and peak 
II, eluted by 0-04M-Na,B,0,, had 9-3 umoles; total 
recovery of pentulose was 70%. Each of the com- 
bined fractions was freed from cations by a column 
of Amberlite IR 120 (H* form) and the borate 
removed by distillation with methanol (Khym & 
Zill, 1952). 

Peaks I and II were qualitatively identified as 
xylulose and ribulose respectively as follows (their 
larger-scale identification is described in the next 
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Fig. 6. Column chromatography of mixed aldopentose and 
pentulose phosphates. The incubation mixture consisted 
of the purified muscle enzyme with R 5-P after 3 hr. at 
37°. The extract (deproteinized with HCIO,) was run on 
a Dowex-1 (formate) column, 3 em. diam. x 15 em., and 
eluted as shown, 25 ml. fractions being collected. The 
initial total pentose phosphate was 1570 umoles. Pooled 
fractions of peak I contained 383 moles of pentulose 
phosphates (xylulose and ribulose) ; peak II, 900 wmoles of 
aldopentose phosphate (R 5-P). Recovery 82%. 
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section) : (a) The positions of the fractions on elution 
were identical with those of pure xylulose and 
ribulose run on the same column. (b) The character- 
istic absorption spectra in the orcinol test plotted 
between 500 and 700 mux. were identical with those 
given by the pure sugars. The ratios of absorption 
(D510/De70 my.) in this test (see Methods) were for 
three different muscle preparations: peak I, 0-35, 
0-44, 0-42; peak II, 0-88, 0-90, 1-00. (c) Paper 
chromatography (cf. Table 1) gave identical move- 
ment and colour reactions with those of the 
authentic sugars (peak I, R, 0-60; peak IT, R, 0-67). 

It is concluded that the muscle preparation 
produces from R 5-P a mixture of pentulose phos- 
phates consisting of 45% of ribulose and 55% of 
xylulose esters. The rate of acid hydrolysis (n- 
H,SO, at 100°) corresponded closely over the 
whole range from 10 to 70% hydrolysis with a 
unimolecular hydrolysis constant k=5-2x 107. 
This agrees with that calculated from ¢),, = 50 min. 
for nearly pure ribulose 5-phosphate (Horecker et al. 
1951, fig. 4), which would give k=5x10-°. Pre- 
sumably, therefore, k is nearly the same for xylulose 
5-phosphate and ribulose 5-phosphate. On the 
other hand, these values are not consistent with 
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Fig. 7. Column chromatography of free pentuloses. 
Analysis of mixed barium pentulose phosphates: A, from 
the muscle enzyme; B, from the erythrocyte enzyme. 
Peak I, p-xylulose; peak II, p-ribulose. (For details see 
Text.) 
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Axelrod & Jang’s (1954) statement that virtually 
complete hydrolysis of their pentulose phosphate 
(believed by them to be ribulose 5-phosphate) 
appeared to be obtained in 30 min. in N-HCI at100°. 
The value obtained by us clearly differentiates the 
product from xylulose 1-phosphate, for which 
k=86x10-* (Glock, 1952), and it is concluded 
from the mode of formation that the pentulose 
phosphates described here are all 5-phosphates. The 
possibility that a 1-phosphate or other labile ester 
may have been present in Axelrod & Jang’s product 
of the lucerne enzymes acting on R 5-P does not 
seem to be excluded by their evidence, since they 
did not separate the pentulose phosphates from the 
equilibrium mixture before determining the rate 
of acid hydrolysis of phosphate from the mixed 
esters. 

Erythrocyte preparation. Fig. 7 (B) shows the 
entirely different composition found for the 
pentuloses similarly obtained by use of the pre- 
paration from erythrocytes, instead of that from 
muscle. Barium salt B (10-0 mg. equivalent to 
18-5 pmoles of pentulose) gave: peak I, 0-9 pmole of 
xylulose; peak II, 8-5ymoles of ribulose. The 
identification of these sugars was just as described 
for the muscle fractions. 


Optical activity and derivatives of the pentuloses 


Larger batches of barium salts of the pentulose 
phosphates (300 mg.) were hydrolysed and chro- 
matographed as described above, but on larger 
columns (2 cm. diam. x 15 cm.). After being freed 
from ions and decolorized with a little charcoal at 
the methanol stage, the free separated pentuloses, 
corresponding to peaks I and II, were evaporated to 
dryness in vacuo, dissolved in a few millilitres of 
water and the optical rotation was determined in a 
Hilger Microptic polarimeter with a 2 dm. micro- 
tube. 

The results showed: peak I, [«]??}= —31-5+ 2° 
(c 0-54 in water, « —0-34°); peak II, [«]?? = —18 + 2° 
(c 0-49 in water, «—0-18°). These values are close to 
those expected for p-xylulose ([«#]??= —33-2°; 
Levene & Tipson, 1936) and p-ribulose ([«], = + 15-8° 
for t-ribulose; Reichstein, 1934), respectively. 

Further characterization was by preparation of 
the phenylosazone of peak I material: m.p. (crude) 
146°, reeryst. from aqueous ethanol, m.p. 156°; 
mixed m.p. with p-xylosazone of m.p. 157-— 
158° = 154-155°; mixed m.p. with L-xylosazone of 
m.p. 158-159°=191°. Mixed m.p. of L- and D- 


xylosazones prepared from L- and pD-xylose, 193°. 
Peak II material gave an o-nitrophenylhydrazone, 
m.p. 165-167°; p-ribulose-o-nitrophenylhydrazone 
had m.p. 166—167°; mixed m.p. 166—167°. Hence 
peak I is characterized as D-xylulose and peak IT as 
D-ribulose. 
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Course of formation of D-ribulose 5-phosphate 
and p-xylulose 5-phosphate 


At intervals during incubation of the muscle 
preparation with R 5-P, the amounts of ribulose and 
xylulose were determined after phosphatase hyd- 
rolysis (Table 5). D-Ribulose 5-phosphate is first 
formed by the action of PPI and is more slowly 
converted into pD-xylulose 5-phosphate by epi- 
merase. The activity of epimerase is high in muscle, 
and very low in erythrocytes, despite the higher 
activity of PPI in the latter (cf. p. 571). Thisevidence 
shows clearly that PPI and epimerase are two 
distinct enzyme systems. 


Krebs II carcinoma ascites cells of the mouse 


The high activity of PPI in these cells has already 
been described. That they also contain an active 
epimerase is shown by the following experiment. 
The acetone-dried powder (300 mg.) was extracted 
four times with 5 ml. portions of 0-05 tris buffer, 
pH 7-4; the extract was diluted to 25 ml. and 
centrifuged. The extract (1 ml., containing 13-2 
units of PPI) was incubated at 37° with 125 wmoles 
of barium R 5-P in a total volume of 10 ml. of 
0-01m tris, pH 7-4. Pentulose formation became 
steady at approx. 45-50 umoles, after 60 min. The 
reaction mixture, brought to pH 5 with 2-5 ml. of 
0-2N acetic acid, was heated for 3 min. in a bath at 
100°, cooled, and treated with potato phosphatase 
as usual. The supernatant was freed from aldo- 
pentose by stirring for 1 hr. with 200 mg. of BaCO, 
and 1-5 ml. of freshly saturated bromine water. The 
pentulose content before bromine oxidation was 
48 umoles (38% of total R 5-P taken) and after 
removal of aldoses and ions, 39umoles of total 
pentulose. Recovery on the Dowex-1 (borate) 
analytical column was 90%, with clear separation 
of a xylulose peak (20pmoles or 57% of total 
pentulose) followed by a ribulose peak (15 pmoles or 
43 % of total pentulose). 


Table 5. Relative rates of formation of the pentulose 
phosphates by muscle enzyme 


A portion (100 umoles) of R 5-P (barium salt) in 10 ml. of 
water with 5 mg. of freeze-dried muscle preparation was 
incubated at 37°. Samples (2-5 ml.) were removed at 
intervals, and differential analysis of pentulose content 
after phosphatase was carried out on Dowex-1 (borate) 
analytical columns (see Methods). 


Total 
pentulose Ribulose Xylulose 
Time phosphate 5-phosphate 5-phosphate 
(min.) (umoles) (umoles) (umoles) 
15 32 22 10 
60 39 19-5 19-5 
180 42 19 23 
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After the usual removal of ions, including borate, 
the residual aqueous sugar solutions were concen- 
trated in vacuo to 0-5 ml., and 201. portions were 
chromatographed on paper in the phenol—water 
system and identified as xylulose and ribulose 
respectively by R, and colour reactions. 


Formation of a 3-pentulose in the 
muscle incubation mixture 


The crude barium salt of the pentulose phosphates 
(334 mg.; equivalent to 580 moles of pentulose) 
was hydrolysed by potato phosphatase, and the 
sugars were fractionated on Dowex-1 (borate). 
After removal of peaks I and II (xylulose and 
ribulose) with 0-02 and 0-04m borate as usual, a 
third peak was eluted by 0-1M-Na,B,O, as described 
by Ashwell & Hickman (1954, 1955) for extracts of 
mouse spleen after incubation with R 5-P. After 
deionization and concentration in vacuo, the solu- 
tion (5 ml.) gave a colour with the cysteine and 
carbazole reagents of Dische & Borenfreund (1951) 
which on long standing became deep blue; when this 
was read at the normal time of 2 hr. the absorption 
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Fig. 8. Colour reactions of 3-pentulose fraction. From 


muscle enzyme incubated with R 5-P; details as in text. 
@, Ashwell reaction with cysteine and sulphuric acid 
(0-2umole of 3-pentulose*): ©, orcinol reaction and 
gm. Dische & Borenfreund (1951) reaction read after 2 hr. 
at 20° (0-3 umole of 3-pentulose*). 


* The amounts of 3-pentulose taken in these tests are 
those calculated from the intensity of the Ashwell 
reaction at 450 mu. (see text). 
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curve shown in Fig. 8 was obtained. Fig. 8 also 
includes the results of the orcinol reaction (see 
Methods) and of the specific 3-pentulose test with 
cysteine and sulphuric acid (Dr G. Ashwell, personal 
communication, 1955). The last test indicates that 
the total amount of 3-pentulose present in the eluate 
was only 7:4 umoles, or 1-3 % of the total pentulose 
taken. This small yield, and the absence at the time 
of details of Dr Hickman’s test, explains why no 
3-pentulose was detected by Dickens & Williamson 
(1955). 

Paper chromatography in phenol—water (4:1) 
showed a single spot (R, 0-61) which gave an 
orange colour on spraying with orcinol-trichloro- 
acetic acid followed by aniline phosphate (see 
Methods). The 3-ketopentose was clearly distin- 
guished from ribulose (pink spot, R, 0-63) and 
xylulose (purple, R, 0-57), which were run simul- 
taneously on the same paper. 


DISCUSSION 


Axelrod & Jang (1954) have obtained the most 
active preparation of pentose phosphate isomerase 
yet reported. Their enzyme, from lucerne, resembles 
in many respects the animal preparations described 
here. The main difference in properties concerns the 
equilibrium position. The lucerne enzyme, like that 
from yeast obtained earlier by Horecker et al. 
(1951), yields a reported ratio of Ru 5-P:R 5-P of 
0:32-0:33 at 37°. The value for our erythrocyte 
preparation is much higher (approx. 0-54). It is 
likely, however, that these are not true equilibrium 
values, since we have shown that even with our 
erythrocyte enzyme nearly 10% of the total 
pentulose phosphate is D-xylulose 5-phosphate. 
Yeast extracts of PPI, even after purification, have 
recently been found to contain epimerase (Srere 
et al. 1955), and consequently the yeast-enzyme 
equilibrium mixture would also be expected to 
contain Xu 5-P. This would not necessarily have 
been revealed by the column fractionation of 
pentulose phosphate used by Horecker et al. (1951), 
which in our experience does not clearly separate 
Xu 5-P from Ru 5-P. Whether Axelrod & Jang’s 
preparation also produced Xu 5-P is not known, as 
the fractionation of the products has not been 
described. 

The muscle preparation, which is rich in epi- 
merase and transforms slightly more than 50% of 
the Ru 5-P into Xu 5-P, gives an ‘equilibrium’ ratio 
of total ketopentose 5-P:aldopentose 5-P of 0-68. 
A greater increase might have been expected 
corresponding to the removal of 50% of the 
reaction product ; possibly the xylulose 5-phosphate 
itself affects the equilibrium. This ester has now 
been isolated in small quantities by Stumpf & 
Horecker (1956), so that this question, and also that 
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of its hydrolysis rate in N acid, could be tested 


directly. 

The presence of a highly active epimerase in 
extracts from muscle and tumour cells, and its 
almost complete absence from erythrocytes, is 
further evidence of the separate nature of PPI and 
epimerase. This distribution is similar to that of 
aldolase, in which the erythrocytes are exceptionally 
weak (Sibley & Lehninger, 1949; see also Table 4): 
it is interesting to note the tightly bound association 
of epimerase with aldolase, which persists on re- 
crystallization, reported by Horecker et al. (1956). 

The preparative details given by these authors for 
the bacterial epimerase are almost identical with 
those adopted independently by us (cf. Dickens 
& Williamson, 1955), so that the behaviour on 
purification appears closely the same for the two. 
Very recently Horecker et al. (1956) have separated 
the bacterial epimerase activity from pentose 
phosphate isomerase, and Srere et al. (1955) mention 
also the preparation of muscle PPI free from epi- 
merase. The ratio of ketopentose phosphates given 
by Stumpf & Horecker’s (1956) bacterial epimerase 
was 45:55 (Xu 5-P:Ru 5-P), whereas our muscle 
preparation gave rather more of the xylulose ester 
(55:45) in relation to ribulose phosphate in the final 
mixture. 

Although the essential part played by epimerase 
in providing the Xu 5-P needed as the substrate of 
transketolase has been revealed by this recent work, 
the occurrence of the latter enzyme in animal 
tissues needs further study. It appears probable that 
the transketolase activity of muscle varies in 
different species, for Glock & McLean (1954) report 
fairly active utilization of R 5-P, and resynthesis of 
hexose monophosphate from it, in extracts of rat 
and mouse skeletal muscle. On the other hand, we 
find, in agreement with Sable (1952), that even with 
crude rabbit-muscle extracts (cf. Fig. 5) the meta- 
bolism of pentose phosphate beyond the stage of 
pentulose is very slow. The question arises whether 
the formation in the animal body of xylulose 
phosphate might have another additional function. 
A metabolic pathway for ingested D-xylose in 
animals, similar to that described in the Introduc- 
tion for micro-organisms, has not been described; 
and there is doubt (Sols, 1956) if the evidence of 
the primary intestinal phosphorylation of xylose 
described by Hele (1953) can be considered as 
convincing. From the plant root system, a sub- 
stance closely resembling D-xylulose is exuded, and 
this substance, like D-xylulose, powerfully stimu- 
lates germination of vegetable seeds and promotes 
root growth (Brown, Johnson, Robinson & Todd, 
1949; Brown, Robinson & Johnson, 1949). The 
possibility of a growth-promoting effect of D- 
xylulose in animal cells is now being tested in our 
Laboratory. 
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SUMMARY 


1. Preparations of pentose phosphate isomerase 
(PPI) have been made from rabbit skeletal muscle, 
horse erythrocytes and Krebs II ascites carcinoma 
cells of the mouse. The enzyme has been partially 
purified, and its properties have been studied. 

2. The enzyme preparation from erythrocytes is 
virtually free from aldolase and contains very little 
phosphoketopentoepimerase (epimerase) activity. 
The pentulose phosphates formed from pD-ribose 5- 
phosphate (R 5-P) have been identified as ribulose 
5-phosphate (Ru 5-P; 90%) and xylulose 5-phos- 
phate (Xu 5-P; 10%). This enzyme provides a 
convenient preparation of nearly pure Ru 5-P. 

3. The similar preparation from muscle is rich in 
epimerase and yields a mixture of pentulose 
phosphates containing 55 % of Xu 5-P and 45 % of 
Ru 5-P. The free ketopentoses liberated by phos- 
phate hydrolysis were separated by column 
adsorption and characterized as p-xylulose and 
D-ribulose by optical rotation and preparation of 
crystalline derivatives. 

4. The carcinoma-cell ‘equilibrium’ mixture of 
pentulose phosphates is similar to that from muscle. 
Both of these preparations also contained aldolase. 

5. The extent of conversion of R5-P into 
pentulose phosphate at 37° was about 40%, a 
higher value than that (25 %) reported for other PPI 
preparations. Possible reasons for this are dis- 
cussed. 

6. With the aid of preparations containing both 
PPI and epimerase acting on R 5-P, the rate of 
transformation of the first product, Ru 5-P, into 
Xu 5-P has been studied. 

7. The presence in the final product of a 3- 
pentulose, as described by Ashwell & Hickman 
(1955) for spleen extracts, has been observed for the 
muscle preparation also; the amount present is, 
however, very small (1-3 %). 
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The Metabolism of Tryptophan 


2. THE METABOLISM OF TRYPTOPHAN IN PATIENTS SUFFERING 
FROM CANCER OF THE BLADDER* 


By E. BOYLAND anp D. C. WILLIAMS 
Chester Beatty Research Institute, Institute of Cancer Research, Royal Cancer Hospital, 
Fulham Road, London, S.W. 3 


(Received 26 April 1956) 


Observations on cancer of the bladder, among dye 
workers and other groups susceptible to the action of 
external carcinogens, suggest that a certain pro- 
portion of tumours previously considered to be 
spontaneous may in fact be produced by chemical 
carcinogens derived either from the environment or 
from the metabolic processes of the organism itself 
(Boyland, Wallace & Williams, 1955a, b). 

The investigations of Hueper & Wolfe (1937), 
Hueper, Wiley & Wolfe (1938), Bonser (1943), 
Bonser, Clayson, Jull & Pyrah (1952) and others 
have shown that a number of 0-aminophenols can 


* Part 1: Boyland, Sims & Williams (1956). 


induce cancer of the bladder in mice and dogs. The 
o-aminophenols 3-hydroxykynurenine and 3-hydr- 
oxyanthranilic acid are metabolites of tryptophan 
and are present in human urine both in the free 
state and conjugated as sulphuric and glucosiduronic 
esters. Boyland & Watson (1956) have shown that 
insertion of pellets containing 3-hydroxyanthranilic 
acid into the urinary bladder of mice induces cancer 
in a statistically significant proportion of animals. 
The present work deals with a system which has 
been evolved for the extraction of six metabolites 
of tryptophan from urine and their estimation. 
Preliminary reports of this work have already been 
published (Boyland & Williams, 1955a, b). 
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EXPERIMENTAL 


Materials. Anthranilic acid, pu-kynurenine and 3- 
hydroxyanthranilic acid were purchased and recrystallized. 
3-Hydroxy-pL-kynurenine, the gift of Professor A. Bute- 
nandt, was prepared by the method of Butenandt & 
Hellmann (1950). 3-Hydroxyanthranilic acid sulphuric 
ester was prepared by the method of Boyland & Sims (1954). 
3-Hydroxy-pu-kynurenine sulphuric ester was prepared by 
the action of potassium persulphate on pL-kynurenine 
(Boyland, Sims & Williams, 1956). Glucosaccharo-1:4- 
lactone (Kemball, Bishop and Co. Ltd., Crown Chemical 
Works, London, E. 3) was supplied in solution containing 
glucosaccharo-3:6-lactone, glucosaccharic acid and gluco- 
saccharo-1:4-lactone, the last forming about 40 % of the total 
solid. An amount of the solution equivalent to 4g. of 
glucosaccharo-1:4-lactone was administered daily. 


Preliminary extraction of urine 


Activated charcoal (British Drug Houses Ltd.) was 
deactivated by the method of Synge & Tiselius (1949). This 
preparation has been used for the extraction of tryptophan 
metabolites from rat urine by Dalgliesh (1952). Prelimi- 
nary experiments were carried out with columns (1 em. in 
diameter and lcm. long) of charcoal deactivated with 
various amounts of stearic acid. A solution of the substances 
to be estimated (25 ug. of each dissolved in 25 ml. of water) 
was passed through the charcoal column, the column was 
then washed with 25 ml. of water and eluted with aqueous 
phenol (5%, w/v) and the eluate collected in 10 ml. portions. 
Each fraction was evaporated to dryness and dissolved in 
water (5 ml.), and the eluted substances were estimated by 
their fluorescence, with an Electronic Photofluorometer 
12 A (Coleman Electric Co., New York). The results obtained 
with charcoal of various degrees of deactivation are shown 
in Fig. 1. They indicate that a column deactivated with 
7-5 % (w/v) of stearic acid gives an optimum recovery, and 
the charcoal of this activity has been used throughout the 
present work. 

Urine (25 ml.) was passed through the charcoal column, 
followed by water (25 ml.), and then the adsorbed sub- 
stances were eluted by phenol solution (50 ml., 5% w/v). 
The eluate was evaporated to dryness, 10 ml. of methanol 
added and the liquid again evaporated to dryness. The 
residue was dissolved in a minimum of water and trans- 
ferred to the partition column. 
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Fig. 1. Elution of a mixture of tryptophan metabolites 
from charcoal columns deactivated with: A, 10%; 
O, 75%; 0, 5% (w/w) stearic acid. 
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Partition chromatography 


Solvents. Light petroleum (b.p. 60-80°) was dried over 
anhydrous Na,SO, and redistilled. Amyl alcohol containing 
dodecylamine was prepared from amyl alcohol (British 
Standard 696) redistilled after drying over anhydrous 
Na,SO,. Dodecylamine (0-5% w/v, Light and Co.) was 
dissolved in the amyl alcohol and the resulting slightly 
opaque solution was centrifuged (2000 rev./min. for 30 min.) 
and decanted from the deposited impurity. 

Apparatus. The apparatus used for gradient elution from 
a partition column, shown in Fig. 2 (not drawn to scale), is 
a modification of that used by Morris & Williams (1954). 

The reservoir A was filled with light petroleum and the 
reservoir B with amy] alcohol containing dodecylamine, and 
both were placed in position on the U-tube EF with taps 
T,, T, and T,closed. Taps 7’, and 7’, were opened and the 
liquids adjusted so that the interface was at the junction p. 
The apparatus was then assembled and 7’, opened. The 
solvent mixture after passing through the offset mixing 
bulbs g, bubbled in a fine stream through the vessel C which 





Apparatus for gradient partition column 
chromatography. 


Fig. 2. 


37-2 
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contained water, thus equilibrating the moving with the 
stationary phase. The equilibration was completed by 
passing the solvent mixture through the column D (0-8 cm. 
in diameter and 6 cm. long) consisting of Hyflo Super-Cel 
(Johns Manville Co. Ltd., London, S.W. 1) containing 
water (1 ml./g.). The solvent mixture then passed via the 
tube G to the partition column H. The tap 7’, serves to 
remove air from the system at the start of the experiment. 
The column H, 0-5 cm. in diameter and 8 cm. long, was 
packed with Hyflo Super-Cel containing 50% (w/v) of 
water as a stationary phase by means of a Martin packer 
(Randall & Martin, 1949). The extract from the charcoal 
column was dissolved in a minimum of water and added to 
a en (0-5 em.) of dry Super-Cel which had been packed on 


Le: 
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330 365 
mp. 


Fig. 3. Optimum absorption of some metabolic ae ts of 





tryptophan in the ultraviolet. Kynurenine ((---D); 
3-hydroxykynurenine (S—N); 3-hydroxykynurenine 
sulphuric ester ae anthranilic acid (O---O); 
3-hydroxyanthranilic acid (@—@); 3-hydroxyanth- 
ranilic acid sulphuric ester (@- - -@). 
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Fig. 4. Chromatographic separation of some metabolites of 


tryptophan from urine. Substances estimated at 330 mu. 

(@—@); substances estimated at 365 mp. (O-- -O); 
percentage of amyl alcohol in the eluate (—). The peaks 
correspond to anthranilic acid (1-8 ml. ), 3-hydroxy- 
anthranilic acid (12-18 ml.), kynurenine (23-30 ml. ), 
3-hydroxykynurenine (31-37 ml.), 3-hydroxyanthranilic 
acid sulphuric ester (42-50 ml.) and 3-hydroxykynure- 
nine sulphuric ester (78-90 ml.). 
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the top of the column H. The moving phase was then 
allowed to pass through the column under its own head of 
pressure and the eluate collected in 1 ml. portions by means 
of a siphon and a weight-operated fraction collector. 

The modified apparatus has the following advantages: 
(a) The standard joints Z and F allow the two halves of the 
apparatus to be filled separately before the apparatus is 
assembled. (b) The shape of the gradient can be varied by 
the addition of suitable adaptors at E and F and the 
gradient can also be changed by substituting reservoirs of 
appropriate shapes for A and B. (c) The system shown is 
suitable for a change from a light to a more dense liquid, but 
the opposite gradient can be obtained by interchanging A 
and B. (d) The solvents from A and B are mixed together 
before being equilibrated with the stationary phase. This 
avoids precipitation of excess of stationary phase, which 
otherwise occurs if this phase is considerably more miscible 
in one component than in the other. 

Estimation. The eluate from the partition column was 
collected in 100 fractions and each fraction adjusted to 1 ml. 
if any evaporation had taken place. Freshly redistilled 
ethanol (2 ml.) was added to each tube, the mixture shaken 
and the amounts of the various substances were estimated on 
the Unicam SP. 500 spectrophotometer. Fig. 3 shows the 
positions of peaks in the ultraviolet spectra of the sub- 
stances. Kynurenine and its derivatives show peak values 
between 360 and 375 myz., and anthranilic acid and its 
derivatives between 320 and 330 mp. These compounds 
were therefore estimated at 365 and 330 mu. respectively 
and compared with standard solutions of the pure sub- 
stances. The separation obtained by using this system is 
shown in Fig. 4. In this experiment the pure substances 
(50 pg. of each) were introduced at the top of the column as 
described above and the eluate was collected. Fig. 4 also 
shows the relationship between the position of the eluted 
substances and the solvent gradient. 

The activities of the enzymes sulphatase and B-glucuroni- 
dase were determined by the method of Boyland et al. 
(19556). 


RESULTS AND DISCUSSION 


Recovery values from urine were obtained by first 
estimating the amounts of test substances present in 
a normal sample (25 ml.) of urine. The test sub- 
stances were then added (10 or 100 ug. of each) to 


Table 1. Recoveries of tryptophan metabolites 
added to urine 


The amounts of metabolites indicated were added to 


25 ml. of urine. 
Recovery (%) after 


addition of 


eee 

100 pg. 10 pg. 

of each of each 
Anthranilic acid 83, 89 85, 70 
3-Hydroxyanthranilic acid 87, 78 80, 75 
3-Hydroxyanthranilic acid 82, 87 70, 80 

sulphuric ester 

Kynurenine 86, 86 65, 80 
3-Hydroxykynurenine 89, 83 70, 80 
3-Hydroxykynurenine 79, 81 75 .70 


sulphuric ester 
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Table 2. Concentrations of tryptophan metabolites and enzyme activities of human urines 


Mean concentrations of metabolites expressed as mg./l~are given with ranges in parentheses. Enzyme activities are 


expressed as units/ml. 


Condition of subjects 





Cancer of 
bladder After administration of 
treated with DL-tryptophan (10 g.) 
4 g. of sac- — STOW 5, 


Cancer of _charolactone/ Cancer of 
Normal bladder day Normal bladder 
No. of subjects 10 10 5 5 8 
Mean volume of 24 hr. urine (ml.) 1560 3420 3130 1320 2190 
Anthranilic acid 12 (6-23) 26 (15-41) 8 (5-9) 35 (28-52) 70 (27-97) 
3-Hydroxyanthranilic acid 20 (8-32) 44 (18-82) 17 (10-26) 43 (21-76) 80 (43-99) 
3-Hydroxyanthranilic acid sulphuric 9 (5-12) 3 (1-6) 7 (5-10) 16 (6-28) 20 (10-37) 
ester 
Kynurenine 10 (3-12) 20 (10-27) 12 (6-19) 257 (170-370) 279 (112-550) 
3-Hydroxykynurenine 2 (0-5) 5 (2-9) 5 (3-6) 56 (21-91) 92 (35-171) 
3-Hydroxykynurenine sulphuric 5 (3-9) 1 (0-3) 4 (2-6) 22 (15-35) 17 (6-40) 
ester 
Sulphatase (0-13-0-71) (0-24-1-8) -- ae -- 
B-Glucuronidase (0-37-0-77)  (0-9-6-6) (0-0-0-3) (0-07-0-78) (0-82-3-2) 


further 25 ml. samples of the urine and the process 
was repeated. The results obtained (Table 1) 
indicate recoveries of 78-89% at the 100 yg. level 
and 65-85 % at the 10 yg. level. 

Boyland et al. (1955a,b) suggested that 3- 
hydroxyanthranilic acid and 3-hydroxykynurenine 
may, in their unconjugated forms, be responsible for 
the induction of cancer of the bladder in human 
subjects, as 3-hydroxyanthranilic acid has produced 
cancer of the bladder in mice (Boyland & Watson, 
1956). The present results show that the two o- 
aminophenols and their immediate precursors in the 
metabolic breakdown of tryptophan are present in 
greater concentrations in the urine of patients with 
cancer of the bladder than in normal subjects 
(Table 2). The differences in the output of these 
substances in 24 hr. are still greater because the 
urine volumes of the bladder-cancer patients, who 
are encouraged to drink large volumes of fluid, are 
about twice those of the normal subjects. Thus the 
mean daily output of 3-hydroxyanthranilic acid 
was 31 mg. for the normal subjects and 150 mg. for 
the bladder-cancer patients. 

Administration of DuL-tryptophan (10g.) in- 
creased the excretion of all the substances estimated 
but the increases in the kynurenine derivatives were 
much greater than in the anthranilic acid derivatives 
(Table 2). 

Patients suffering from cancer of the bladder have 
abnormally high f-glucuronidase and sulphatase 
activity (Boyland et al. 1955a,b). It is unlikely 
that the sulphatase plays any considerable part in 
the production of free carcinogens, because the 
of o-aminophenols are either 


sulphuric esters 


resistant to hydrolysis by sulphatase or are hydro- 
lysed slowly (Boyland, Manson, Sims & Williams, 
1956). Treatment of cancer patients with gluco- 


saccharo-1:4-lactone causes a decrease in excretion 
of anthranilic acid, 3-hydroxyanthranilic acid and 
kynurenine, and an increase in excretion of the 
sulphuric esters. The apparent decrease in excretion 
of 3-hydroxyanthranilic acid is presumably due 
to inhibition of f-glucuronidase causing reduced 
hydrolysis of 3-hydroxyanthranilic acid gluco- 
siduronate in the urine as the saccharolactone is 
a potent inhibitor of glucuronidase (Levvy, 1952). 
A number of such patients are now under treatment 
with glucosaccharo-1:4-lactone in the hope that 
reduction of excretion of free 3-hydroxyanthranilic 
acid will delay the recurrence of the disease. 


SUMMARY 


1. Anthranilic acid, 3-hydroxyanthranilic acid, 
3-hydroxyanthranilic acid sulphuric ester, kynure- 
nine, 3-hydroxykynurenine and 3-hydroxykynure- 
nine sulphuric ester can be removed quantitatively 
from urine by use of a column of deactivated 
charcoal, and these six tryptophan metabolites can 
be separated and estimated by chromatography by 
a gradient-elution partition system. 

2. Urines from patients with cancer of the bladder 
contain more anthranilic acid, 3-hydroxyanthranilic 
acid, kynurenine and 3-hydroxykynurenine and less 
3-hydroxyanthranilic acid sulphuric ester and 3- 
hydroxykynurenine sulphuric ester than urines 
from normal subjects. 

3. Treatment of bladder-cancer patients with 
glucosaccharo-1:4-lactone appeared to reduce the 
excretion of anthranilic acid and 3-hydroxy- 
anthranilic acid and to increase the excretion of 
3-hydroxyanthranilic acid sulphuric ester and 3- 
hydroxykynurenine sulphuric ester. 

4. Administration of 10g. of DL-tryptophan 
increased the amounts of all these substances in the 
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urine, particularly the kynurenine derivatives. 
Bladder-cancer patients dosed with tryptophan 
excreted larger amounts of anthranilic acid, 3- 
hydroxyanthranilic acid and 3-hydroxykynurenine. 
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Purification, some Properties and the Specific Biological Activity 
of Cytochromes c, and c,; from Azotobacter vinelandii 


By A. TISSIERES 
Molteno Institute, University of Cambridge 


(Received 2 May 1956) 


The cytochrome system in bacterial cells varies 
from species to species, as shown by the positions of 
the absorption bands and by other properties of the 
individual components (Smith, 1954a). Thus cell- 
free preparations from certain bacteria lack cyto- 
chrome c oxidase activity (Keilin & Harpley, 1941), 
even when they are made from organisms in which 
the absorption bands of cytochrome lie at the same 
position as those found for heart muscle (Smith, 
19545). 

The earlier work was based upon direct spectro- 
scopy of intact cells (Smith, 1954a) and only 
recently have some cytochrome components from 
bacteria been extracted and purified. Egami, 
Itahashi, Sato & Mori (1953) obtained a soluble 
cytochrome from halotolerant bacteria, and in the 
same year Vernon (1953) and Elsden, Kamen & 
Vernon (1953) isolated from the photosynthetic 


bacterium Rhodospirillum rubrum a_ pigment 


similar in several ways to cytochrome c. The pig- 
ment was, however, not oxidized by cytochrome c 
oxidase preparations. Postgate (1954, 1955, 1956) 
described a soluble cytochrome from the sulphate- 
reducing bacterium Desulphovibrio desulphuricans, 
and Gibson & Larsen (1955) have isolated two cyto- 
thiosulphatophilum. 


chromes from Chlorobium 


Kamen & Vernon (1955) have studied the catalytic 
activity of purified cytochromes of the ‘c’ type from 
facultative photoheterotrophs as well as from 
denitrifiers and found that in most cases the 
bacterial pigments failed to react with cytochrome ¢ 
oxidase from heart muscle. They also reported 
(Kamen & Vernon, 1954) that a ‘c’-type cytochrome 
and its oxidase from Azotobacter vinelandii reacted 
only with each other and could not be linked to a 
cytochrome c-cytochrome oxidase system from 
animal tissues. 

The present paper deals with the extraction, 
purification and properties of two cytochromes from 
A. vinelandii, and their specific activity in the cyto- 
chrome and succinic oxidase systems in particulate 
preparations from the same bacterium. The soluble 
pigments are called here cytochromes c, and ¢; 
because in some essential properties they closely 
resemble cytochrome c. They were extracted from 
the cells by means of n-butanol, by a procedure 
similar to that of Morton (1950). Cytochrome c, has 
so far been isolated only in small amounts and has 
thus been less completely characterized than cyto- 
chrome c,. A preliminary account of this work 
has already been published (Tissiéres & Burris, 
1956). 
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MATERIAL AND METHODS 


Strains and methods of culture 


A. vinelandii, Wisconsin strain O, was grown under forced 
aeration for 48 hr. at 35° in Burk’s nitrogen-free mineral salts 
medium (Burk & Lineweaver, 1930) with the addition of 
2% of sucrose. Escherichia coli, strain 15 from the Molteno 
Institute, Cambridge, and Bacillus megatherium, strain 
K.M. (Northrop, 1951), were grown for 24 hr. at 30° under 
forced aeration, the first one in nutrient broth, the second in 
2% Difco peptone. The strain of Acetobacter peroxidans was 
obtained from Professor A. J. Kluyver. It was grown for 
72 hr. at 30° on the solid medium described by Chin (1952). 


Extraction and purification of cytochromes c, and c; 


n-Butanol (250 ml.) was added to 250g. (wet wt.) of 
well-packed cells and the mixture blended for 2 min. in a 
Waring Blendor. The butanol, which formed an upper layer 
on standing, was decanted off, 300 ml. of water was added to 
the cell material and the mixture was blended again as 
before. It was then centrifuged for 30 min. at 12000 rev./ 
min. in a Servall SSI centrifuge, and formed four layers: 
a large precipitate of cell debris at the bottom of the tube, 
a clear pink layer, a thin layer of cell debris and a small top 
layer of butanol. The pink layer, which contained the cyto- 
chromes in solution, was pipetted off. The residue was 
extracted once more with the same amount of water and 
the pink solutions from both extractions were mixed and 
dialysed, first against running water for 6 hr., then over- 
night against tap water at 5°. The solution, now free from 
butanol, was centrifuged again at 12000 rev./min. for 
10 min. and gave 650 ml. of clear orange-pink solution. The 
pH was brought to 8 with 0-1 n-NaOH, and 25 % (w/v) basic 
lead acetate was added until no further precipitate was 
formed. The precipitate was centrifuged off and discarded, 
and the excess of lead was removed by acidification to 
pH 6-5 with dilute acetic acid followed by addition of an 
excess of Na,SO,. The precipitate was centrifuged off and 
discarded. After neutralization with dilute NH, soln., two 
vol. of saturated (NH,),SO, adjusted to pH 7-0 with NH, 
soln. was added. A pink precipitate was formed, which was 
collected by centrifuging, dissolved in the minimum amount 
of 0-02m phosphate buffer, pH 7-5 (a mixture of 84% of 
Na,HPO, and 16 % of KH, PO,) and dialysed first against the 
same buffer, then against water. An orange-red solution 
(71 ml.) was obtained which showed strong absorption bands 
at about 552 and 523 mu. The extinction was measured at 
the peak of the «-absorption band; with 23-8 as millimolar 
extinction coefficient (see below) it was calculated that this 
solution, derived from 250 g. of cells, contained 14 mg. of 
pure cytochrome, in terms of cytochrome c,. It was freeze- 
dried, giving 82 mg. of dry material, which was kept in a 
desiccator over P,O,. After treatment with lead acetate and 
sodium sulphate, the position of the «-band, which, as will 
be shown later, is that of a mixture of cytochromesc,andc,, 
was found to vary from one preparation to another within 
the limits 552-551-3 my. Thus the position of the «-band of 
cytochrome (c, +¢;) shifted slightly towards the blue end of 
the spectrum during purification, which suggested that the 
ratios cytochrome c,:cytochrome c; had changed and that 
some of the cytochrome c, had been lost. This was confirmed 
by the fact that when the «-band of the crude cytochrome 
extract was near 551 mu., only traces of cytochrome c, were 
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recovered after paper electrophoresis. This is probably why 
cytochrome c; was not isolated in amounts corresponding 
to the likely ratio of the two pigments in the intact 
cells. 

Paper electrophoresis. This was performed on Whatman 
no. 3 MM paper with 0-05m aminotrishydroxymethyl- 
methane buffer, pH 8. A sample (40-50 mg.) of pink dried 
material was dissolved in the minimum amount of buffer and 
applied as a thin band across the strip of wet paper 20 cm. 
wide and 38 em. long. The application stopped about 1-5 em. 
from the edges of the paper. Between the two large electrode 
vessels into which it dipped the paper was laid across a 
shallow glass dish covered with a glass plate. The paper was 
so arranged that it hung clear of the glass plate. A potential 
of 200v was applied for 15 hr. The pigment moved towards 
the positive electrode and separated into two red bands. The 
faster-moving one, cytochrome c,, which always comprised 
more than three-quarters of the total pigment, migrated 
about 10 cm., and the second one, composed mostly of 
cytochrome c;, moved only 5-6cm. They were eluted 
separately. The eluate from the slower-moving band showed 
an absorption maximum at 554 mu. and still contained a 
small amount of cytochrome c,. It was therefore dialysed, 
freeze-dried and electrophoresis was repeated; a fraction 
with an «-band at 555 mu., cytochrome, , was then isolated, 
as well as a fraction containing a small amount of cyto- 
chrome c,. Paper electrophoresis was also performed at 
pH 7, 6 and 5-5, with 0-05m phosphate buffer, to obtain 
some information on the mobility of the pigments at those 
pH values. 

Spectrophotometric methods. A Hilger Uvispek spectro- 
photometer was used to determine the spectrum of the 
purified cytochromes, of the cell-free preparations and of the 
intact cells. The instrument was fitted with a glass prism for 
measurements in the visible region of the spectrum, and 
with the high-intensity tungsten lamp for work with cell-free 
extracts and intact cells. Cells usually employed with 
turbid suspensions were 1 mm., and in such cases the 
reference cell contained a piece of Whatman no. | filter 
paper soaked in medicinal paraffin, which gave an extinction 
of about 1 (Keilin & Hartree, 1955). A Zeiss microspectro- 
scope fitted to a microscope, as described by Keilin & 
Hartree (1946), was used to study the oxidation and reduc- 
tion of the cytochrome components with bacterial or heart- 
muscle preparations. 

Iron. This was estimated by the ««’-dipyridyl method of 
Hill & Keilin (1933). The quantities of the various reagents 
were reduced in proportion to give a final volume of 0-6 ml. 
The reaction was performed in a Pyrex tube with an internal 
diameter of 6 mm. and graduated at 0-6 ml. Two blanks 
were prepared, the extinctions of which were subtracted 
from that given by the reaction with dipyridyl and cyto- 
chrome: one with the cytochrome and all the reagents 
except dipyridyl, the second without the cytochrome but 
with all the reagents including dipyridyl. The content of 
each tube was transferred to a 0-5 ml. cell, with a light path 
of lem. Use was made of the extinction coefficient for 
ferrous iron—dipyridy] given by Keilin & Hartree (1945). It 
was thus possible to estimate 0-5-3-0 ug. of iron with an 
error of less than 1%. 

Nitrogen. The micro-Kjeldahl method with Markham’s 
(1942) apparatus was used to estimate nitrogen. 

Protein. This was determined in cell-free preparations by 
the biuret method (Weichselbaum, 1946). 
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Oxidation—reduction potentials. The method of Davenport 
& Hill (1952) was chosen, mixtures of ferro- and ferri- 
cyanide being used as oxidation-reduction buffers. A 
preliminary series of measurements was made with the 
microspectroscope as described by the above authors, and it 
was found that the same results were obtained whether the 
experiments were done under aerobic or anaerobic condi- 
tions. Thus none of the components of the system reacts 
with oxygen at an appreciable rate. Subsequent measure- 
ments were made in the spectrophotometer in the presence of 
air with 2 em. cells. The reaction mixture (4 ml.) contained 
0-01 ferrocyanide, 0-05m phosphate buffer of the appro- 
priate pH and sufficient purified cytochrome to give an 
extinction of 0-3-0-5 at the peak of the «-band when com- 
pletely reduced. To this were added 0-02-0-04 ml. of a 
mixture containing 0-01 ferricyanide, and the same con- 
centrations of cytochrome and buffer as before. After 
equilibrium had been reached (2-3 min.) extinctions were 
read at 551 my. for cytochrome c, and at 555 mp. for 
cytochrome c;. 

Particulate preparations from bacteria. The bacteria were 
washed three times with at least 50 vol., of water, and the 
well-packed cells ground by hand in a cold mortar for 
2-3 min. with 3 parts (w/v) of very fine Pyrex-glass powder 
(passed through a 200-mesh sieve) according to the method 
of Wiggert, Silverman, Utter & Werkman (1940) and 
extracted with 2 parts (w/v) of ice-cold water. The extract 
was kept at 0-4° throughout the preparation. A first 
centrifuging at 7000 rev./min. (3500 g at the bottom of the 
tube) for 15 min. removed the glass powder, intact cells and 
larger cell debris. The supernatant was centrifuged at 
20000 rev./min. (23000 g at the bottom of the tube) for 
30 min. and a sediment of particles, fraction L, was given, 
then at 40000 rev./min. (145000g at the bottom of the 
tube) for 60 min. in the no. 40 head of a model L Spinco 
centrifuge, to give a small red gelatinous pellet, fraction 
SP, and a clear supernatant, fraction S. The particulate 
fractions L and SP were washed by resuspending in 
about 50 vol. of 0-05m phosphate buffer, pH 7, and 
centrifuging respectively as above. Each particulate 
fraction was finally resuspended in one-quarter of the 
original volume of the extract of 0-05m phosphate buffer, 
pH 7. 

Succinic oxidase and cytochrome oxidase activities. These 
were measured in microdifferential manometers at 30°, in 
the presence of air and KOH. The manometric flask con- 
tained the enzyme in 0-05m phosphate buffer, pH 7 (a 
mixture of 61% of Na,HPO, and 39 % of KH,PO,) and the 
substrate (final concentration 0-02m of succinate or of 
ascorbate in case of the estimation of cytochrome oxidase 
activity) was tipped in from the side arm at zero time. The 
volume of ‘the total reaction mixture was 0-5 ml. It 
contained 0-001m ethylenediaminetetraacetic acid when 
ascorbate was used. 

Heart-muscle preparations deficient in cytochrome c 
were kindly supplied by Dr E. F. Hartree. They had been 
prepared according to Tsou (1952). Cytochrome ¢ was 
prepared by the method of Keilin & Hartree (1945) and 
further purified according to Margoliash (1954). Rhodo- 
spirillum rubrum cytochrome c, prepared by the method of 
Vernon (1953), was kindly supplied by Dr L. Smith. A 
sample of cytochrome f was obtained through the generosity 
of Dr R. Hill. Reduced diphosphopyridine nucleotide 
(DPNH) was from the Sigma Chemical Co. 
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RESULTS 


Absorption spectrum of cytochrome c,. The 
absorption spectrum of purified cytochrome ¢, is 
given in Figs. 1 and 2. It resembles closely that of 
pure cytochrome c, as obtained by Margoliash (see 
Keilin & Slater, 1953). The absorption bands of the 
reduced compound have the following positions: 
a, 551 mu.; B, 522 mu.; y, 416 my.; 5, 315 mp. The 
y-band of ferricytochrome c, lies at 411 mp. The 
millimolar extinction coefficients of the various 
absorption bands, calculated on the basis of the iron 
content (see below), are: «, 23-8; B, 17-6; y (reduced), 
157-2; y (oxidized), 115-8; protein band (270 myz.), 
20-5. Thus the extinction coefficient of the «-band 
is lower, and that of the y-band is higher than 
the corresponding values for cytochrome c. The 
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Fig. 1. Absorption spectra of reduced and oxidized cyto- 

chrome ¢, containing 0-46 % of iron in the region of the 
y- and §-bands. Unbroken line: reduced cytochrome; 
broken line: oxidized cytochrome. 
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Fig. 2. Absorption spectra in the visible region of cyto- 
chrome c¢, containing 0-46% of iron. Unbroken line: 
reduced pigment; broken line: oxidized pigment. 
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extinction coefficient of the protein band is lower 
than that of cytochrome c containing 0-45 % of iron 
(Keilin & Slater, 1953). 

Iron content and molecular weight of cytochrome ¢,. 
The same sample of cytochrome c, was dialysed for 
48hr. against glass-distilled water and freeze- 
dried, and gave 7 mg. of dried material. One sample 
(1:5 mg.) was used for iron estimations, done in 
triplicate, and 0-5 mg. was used for nitrogen deter- 
minations. The iron content was found to be 0-46 % 
of either the dry wt. or of the protein calculated as 
nitrogen x 6-25. Therefore the molecular weight, 
calculated on the basis of one atom of iron per 
molecule, is about 12000. 

Absorption spectrum of cytochrome c,. The 
spectrum of cytochrome c; is very similar to that of 
¢,, the whole spectrum being shifted towards the 
longer wavelengths by 4my. Cytochrome c¢, has 
not so far been isolated in sufficient amounts for iron 
estimations and thus no information on the mole- 
cular weight and the molar extinction coefficients is 
available. 

a-Absorption band of a mixture of purified cyto- 
chrome c, and c, in the ratio 4:1. The mixture was 
made on the assumption that the extinction co- 
efficient for the «-band of c; is the same as that for 
¢,. The «-peak of the mixture, measured with the 
spectrophotometer, was symmetrical with a maxi- 
mum at 552—552-5 my., which is the position of the 
“-band in intact cells, cell-free preparations (see 
below) and in crude cytochrome extracts before 
treatment with lead acetate. 

Low-temperature spectrum of intact cells, crude 
cytochrome (c¢y+c,) extracts and purified c, and c;. 
When Azotobacter vinelandia cells are examined at 
liquid-air temperature according to the technique of 
Keilin & Hartree (1949, 1950), the «-absorption 
band of cytochromes (c¢,+¢,;) splits into a sharp 
band nearer the blue side of the spectrum and a 
wider, asymmetric band, decreasing in intensity 
towards the red end of the spectrum. Crude cyto- 
chromes (c,+¢;) showed the same picture. Samples 
of pure cytochromes ¢, and ¢, both show the double 
a-band characteristic of cytochrome c under those 
conditions. When the spectrum of cytochrome c, is 
compared in the same field of the microspectro- 
scope with that of cytochrome ¢; it is seen that one 
a-band of the former overlaps with one «-band of the 
latter, and that a mixture of the two purified 
pigments in the ratio of one part of c; to four parts 
of c, gives a picture identical with that shown by 
intact cells or by crude (c,+¢;) extracts. 

General properties of cytochromes c, and c;. The 
following findings apply to both cytochromes c, and 
¢;. The pigments in solution remain partly reduced 
after extraction from the cells. They are not autoxi- 
dizable, nor do they combine with carbon monoxide 
between pH 4-5 and 13. They are not affected by 
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heating for 10 min. in a boiling-water bath. They 
are remarkably stable in alkali, no change being 
observed after the addition of 1 vol. of N-NaOH;; if 
pyridine is added to this alkaline solution, the «- 
band of either c, or c, shifts to 550 my. The pig- 
ments are denatured when kept below pH 4-5 for 
several hours. At pH 3, in the absence of a reducer, 
the red solutions turn brown and the typical spectra 
of cytochrome are replaced by those of methaemo- 
globin type with a wide absorption band at 630— 
640 my. If the solutions are neutralized before 
denaturation occurs and sodium dithionite is added 
the brown pigments turn red and the spectra 
revert to those of the reduced cytochromes. This 
effect is similar to that which is obtained on acidifica- 
tion of a mammalian cytochrome c¢ (Theorell & 
Akeson, 1941). Unlike cytochrome c, cytochromes 
c, and c,; are not adsorbed on Amberlite IRC-50. 

Isoelectric point. Cytochromes c, and c,; move 
towards the positive electrode on paper electro- 
phoresis between pH 8 and 5-5; they thus have 
isoelectric points in the acid range, in contrast to 
cytochrome c where the isoelectric point is above 10. 
Cytochrome c; migrated more slowly than cyto- 
chrome c,, which suggests that its isoelectric point is 
somewhat higher than that of c,. 

Oxidation—reduction potentials. It was found that 
the potential of half reduction, Ej, was +0-30v for 
cytochrome c, and +0-32v for cytochrome ¢, 
between pH 6-0 and 7-5. 

Succinic oxidase and cytochrome (c¢,+¢;) oxidase 
systems in particulate preparations from Azotobacter 
vinelandii. In the washed particulate fractions, the 
cytochrome components were all in the oxidized 
state and the absorption bands were almost in- 
visible. On addition of succinate, DPNH, ascorbate 
or sodium dithionite, fraction I showed a spectrum 
very similar to that of intact cells, with a strong 
(¢,+¢;) band at 552-5 my. and a weaker b, band at 
560 muz., but the band of reduced cytochrome a, at 
630 mu., which is rather weak in intact cells, was not 
visible. In the fraction SP, consisting of the smallest 
particles, the oxidized band of cytochrome a, at 
645 muy. was present before the addition of reducer. 
This band moved to 630 mz. on reduction and to 
635 mp. on subsequent treatment with carbon 
monoxide. Fig. 3 shows the absorption spectra of 
the fraction SP. The intact cells contain relatively 
more cytochrome (c,+c¢;) and less cytochrome b, 
than the fraction SP. This is due to loss of some 
cytochrome (c,+¢;) in the soluble fraction S, where- 
as the components 5, and a, remain entirely attached 
to the particles. The «-band of cytochrome b, , which 
forms a shoulder on the longer wavelength side of 
the cytochrome (c,+¢,) «-band, appears as a single 
peak when the difference spectrum is plotted, 
reduced minus oxidized, as shown in Fig. 4. For this 
type of experiment the two cells contained the 
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particulate preparation, oxidized in the reference 
cell and reduced with dithionite in the other. The 
difference spectrum [(reduced + carbon monoxide) 
minus reduced ] shows in the 400-430 muy. region the 
presence of the ‘carbon monoxide-binding pigment’ 
described by Chance, Smith & Castor (1953), with 
a peak at 416 my. With either of the particulate 
fractions, all the components of cytochrome could 
be reduced by the addition of small amounts of 
succinate or DPNH and oxidized on shaking in air. 


Extinction 
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Fig. 3. Absorption spectra of reduced (unbroken line) and 
oxidized (broken line) fraction SP, consisting of small 
particles. The «-band of reduced cytochrome (c, +c¢;) has 
its peak at 552-5 mu. Reduced cytochrome b, appears as 
a shoulder on the longer wavelength side of the cyto- 
chrome peak (c, +¢;). The absorption band of cytochrome 
a, can be seen both in its oxidized and reduced forms. 
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Fig. 4. Difference spectrum of the fraction SP, reduced 


minus oxidized, showing the «-bands of cytochrome 
(c,y+¢;) and of cytochrome b,. Both cells contained the 
particulate preparation, oxidized in the reference cell and 
reduced with dithionite in the other. 
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The following substrates were tested: «-oxo- 
glutarate, fumarate, malate, citrate, pyruvate and 
lactate. None had any effect. 

When reduced cytochrome (¢,+¢;), ¢, Or ¢; was 
added to either of the particulate fractions in the 
absence of succinate or DPNH, the cytochromes 
became oxidized at once. If then succinate or DPNH 
was added, the exogenous pigments became 
reduced and could undergo oxidation on shaking in 
air and reduction on standing. 

When the succinic oxidase activity was measured 
manometrically there was a lag period which was 
inversely proportional to the concentration of 
enzyme preparation. A typical experiment, repre- 
sented in Fig. 5, shows that when the same amount 
of oxidase preparation was suspended in a reaction 


< 


mixture of 1 ml. instead of 0-5 ml. the initial lag | 


period was more pronounced. The subsequent rate 
of oxygen uptake was, however, equal in both 
manometers. There was a progressive decrease in 
the rate of oxygen uptake after 15 min. in the flask 
with the smaller reaction volume, and in the other 
the decrease became noticeable only after 20 min. 
This decrease, which takes place earlier when the 
reaction mixture contains a higher concentration of 
enzyme preparation, suggests that an inhibitor 
is produced during the oxidation of succinate. 


Although washed particulate preparations do not | 


oxidize any of the intermediates of the citric acid 
cycle other than succinate at appreciable rates, it is 
likely that this inhibition is due to the formation of 
a small amount of oxaloacetate which can com- 
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Fig. 5. Succinic oxidase activity as measured mano- 
metrically. Broken line: 0-02m succinate, 0-05m phos- 
phate buffer and 0-05 ml. of enzyme preparation in 4 
total reaction mixture of 1 ml. Unbroken line: the same 
amount of enzyme in 0-5 ml. of a reaction mixture of the 
same composition. 
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petitively inhibit the oxidation of succinate. The 
addition of exogenous cytochrome (¢,+¢;), ¢, OF ¢; 
had no effect on the rates of oxygen uptake. 

When cytochrome oxidase activity was measured 
manometrically with ascorbate as substrate, the 
system did not take up any oxygen unless exogenous 
cytochrome (c,+c;) or c, or c; was added. Fig. 6 
shows the catalytic activities of various amounts of 
cytochrome c,. Preliminary experiments with pure 
cytochrome c,; suggest that this component has 
approximately the same catalytic effect as cyto- 
chrome ¢,. The activities of the succinic oxidase and 
cytochrome c, oxidase systems are shown in Table 1. 

The effect of ageing on fractions ZL and SP was 
studied over a period of 48 hr. at 4°. Normally, both 
the succinic and the bacterial cytochrome oxidases 
were found to be stable over this period, but in some 
cases fraction Z lost all activity within 24 hr. This 
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Fig. 6. Specific cytochrome c, oxidase activity of a particu- 

late preparation from Azotobacter vinelandii. The mano- 

metric flask contained the enzyme, 0-02M ascorbate, 

0:05m phosphate buffer, pH 7-0, and various amounts of 

cytochrome c, in a total reaction mixture of 0-5 ml. 
Cytochrome c (30 um) had no effect. 


Table 1. Activities of the succinic and cytochrome ¢, 
oxidase systems in the particulate fractions L and 
SP from Azotobacter vinelandii 


Results are expressed as — Qo, (protein). Fraction L was 
collected by centrifuging at 22000 g for 30 min., fraction 


SP was collected at 145000 g for 60 min. Measurements 
were made at 30°. 
Fractions 
| rman, 
L SP 
Succinic oxidase 295 1000 
Cytochrome c, oxidase 460 305 


(with 5 x 10-4m cytochrome c,) 
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may be due to the presence of proteolytic enzymes 
in the larger particles. 

Specific activity of cytochromes c, and ec, and of the 
cytochrome (c,4+c;) owidase. Cytochrome c, and 
cytochrome (c,+c¢,;) were tested manometrically in 
the succinic and cytochrome oxidase systems of 
heart-muscle preparations deficient in cytochrome c 
(Tsou, 1952). They had no effect on either system, 
although cytochrome c gave rise to a large increase 
in oxygen uptake. In spectroscopic experiments a 
slow oxidation of the bacterial cytochromes was 
observed in the presence of a large excess of heart- 
muscle preparation, but only after bubbling air 
through the mixture for several minutes. The speed 
of this slow reaction is, however, of a quite different 
order of magnitude from those of cytochromes c, 
and ¢, with their specific oxidase. Cytochrome c, 
was also tested spectroscopically and manometric- 
ally (in the presence of ascorbic acid) with particu- 
late preparations from Acetobacter peroxidans, 
Escherichia coli and Bacillus megatherium, and it 
was found to have no catalytic activity. 

The specificity of cytochrome (c,+¢,) oxidase was 
tested in spectroscopic and manometric experi- 
ments with cytochrome c, Rhodospirillum cyto- 
chrome c and cytochrome f. None of these pigments 
showed any activity. 


DISCUSSION 


It has been shown that cytochrome c and cyto- 
chrome ¢,, the «-bands of which differ in position by 
cnly 4muz., show in heart-muscle preparations a 
symmetrical «-band lying at an intermediate 
position (Keilin & Hartree, 1955). The «-bands of 
cytochromes c¢, and c; differ also by 4 my., and a 
mixture of these pigments in the ratio 4:1 gives the 
same picture as that observed in intact cells, with 
a symmetrical «-band. It is therefore not sur- 
prising that the presence of the two cytochromes 
cannot be detected in Azotobacter cells by direct 
spectroscopic examination. 

During the purification procedure there is a 
substantial loss of the cytochromes, particularly of 
cytochrome c;. This is shown by the shift of the 
a-band from about 552-5 mu. to 551-3-552 mu., and 
by the minute amount of cytochrome c, which can 
subsequently be isolated. Thus, although the method 
described is convenient for the preparation of cyto- 
chrome ¢, in quantities of 5-20 mg., it is unsuited 
for preparing similar amounts of cytochrome c¢;. 

In recent years several cytochrome components 
have been described with «-absorption bands which 
lie at a position intermediate between those of 
cytochrome b and cytochrome c, and the components 
have generally been attributed to the ‘b’ or the ‘c’ 
group, when some of their properties resemble those 
of cytochrome b or of cytochrome c. The spectrum of 
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the pyridine haemochromogen formed with each 
cytochrome is characteristic of its prosthetic 
group and therefore can be used as a criterion of 
classification. Thus the pyridine haemochromogen 
formed with cytochrome b (protohaematin) has an 
a-absorption band at about 556myp. (Hartree, 
1955), and the «-band of the pyridine haemochro- 
mogen of cytochrome ¢ or cytochrome c, lies at 
about 550 my. (Keilin & Hartree, 1955). It was 
upon this basis that the two pigments from A. 
vinelandii were assigned to the cytochrome c group, 
and we have therefore called them cytochrome c, 
and cytochrome c,;. Elsden eé¢ al. (1953) have used 
the term cytochrome c, for the pigment extracted 
from Rhodospirillum rubrum and Postgate (1955) 
has called the pigment from the anaerobe Desulpho- 
vibrio desulphuricans cytochrome cy. 

The particulate fractions made up either of large 
particles, fraction Z, or of small particles, fraction 
SP, contain a complete oxidase system for succi- 
nate, DPNH and cytochromes c, and c;. The 
succinic oxidase activity of these fractions is not 
increased by addition of exogenous bacterial cyto- 
chromes, which is not surprising if one considers the 
high activity of this system: the small particles SP, 
which are two or three times more active than the 
larger one, L, have the highest Qo, reported so far 
for a system able to oxidize succinic acid. They thus 
probably contain enough cytochromes c,+c; for 
maximum activity. Alexander & Wilson (1955) also 
reported that in A. vinelandii extracts the smallest 
particles, corresponding to those of our fraction 
SP, were more active in the oxidation of succinate 
than the larger particles, comparable to those of 
fraction LD. 

No attempt has yet been made to study in detail 
the properties of the cytochrome (c,+c,) oxidase 
system in the particulate fractions. It is, however, 
probable that both cytochrome a, and the ‘carbon 
monoxide-binding pigment’ of Chance et al. (1953) 
are concerned. 

The question of the specificity of cytochrome c, 
and c, and of their oxidase will be discussed else- 
where. 


SUMMARY 


1. Two cytochromes of the ‘c’ type, cytochromes 
c, and c;, have been extracted from Azotobacter 
vinelandit and purified. 

2. The absorption spectra of cytochrome c, and 
cytochrome c, resemble that of cytochrome c. The 
a-, B- and y-bands of the reduced cytochrome c, lie 
at 551, 522 and 416 my. respectively. Those of 
cytochrome c¢, lie 4 my. nearer the red end of the 
spectrum. 

3. Pure cytochrome c, contains 0-46 % of iron. 
Its molecular weight, calculated on the basis of one 
atom of iron per molecule, is about 12000. 
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4. The «-absorption bands of the pyridine 
haemochromogens derived from both cytochromes 
c, and c¢; lie at about 550 mz. 

5. The isoelectric points of both pigments are in 
the acid range. 

6. The oxidation—reduction potentials, Ej, were 
found to be + 0-30v for cytochrome c, and +0-32v 
for cytochrome c,, between pH 6-0 and 7-5. 

7. Two particulate fractions were isolated from 
cell-free extracts: fraction L, composed of large 
particles, and fraction SP, consisting of the smallest 
particles. Fraction SP had the highest activity in 
the oxidation of succinate. 

8. Both particulate fractions contain the same 
cytochrome pigments as are found in the intact cells. 

9. Cytochromes c, and c; were found to react only 
with the oxidase from A. vinelandii; these bacterial 
oxidase preparations did not oxidize heart-muscle 
cytochrome c, Rhodospirillum rubrum cytochrome ¢, 
or cytochrome f. 


I wish to thank Professor D. Keilin, F.R.S., for his 
interest and advice, Dr E. F. Hartree for many helpful 
discussions and for samples of heart-muscle preparations, 
and Drs L. Smith and R. Hill for samples of R. rubrum 
cytochrome c and cytochrome f respectively. 
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The Effects of Salicylate on Creatine Phosphate and Adenosine 
Triphosphate in the Isolated Rat Diaphragm 


By M.J. H. SMITH anp S. W. JEFFREY 
Department of Chemical Pathology, King’s College Hospital Medical School, London, S.E. 5 


(Received 31 May 1956) 


| Salicylate produces a number of effects on carbo- 


hydrate metabolism in isolated tissues, such as an 
increased oxygen consumption in mouse-liver slices 
(Sproull, 1954) and in rat-brain preparations 


| (Fishgold, Field & Hall, 1951), and a decreased 


i 


glycogen synthesis in rat-liver slices (Smith, 1955a). 
The effects of salicylate on the rat diaphragm in vitro 
include a rapid breakdown of glycogen, an accumu- 
lation of lactic acid and an increased oxygen uptake 
and respiratory quotient (Smith & Jeffrey, 1956). 
It was suggested that these changes were indications 
of increased substrate breakdown resulting from an 
interference with the formation of energy-rich 
phosphate bonds. The present paper is concerned 
with a study of the effects of salicylate on the levels 
of creatine phosphaie, adenosine triphosphate 
(ATP) and inorganic phosphate in the isolated rat 
diaphragm. 


METHODS 


Preparation of the diaphragms. Male rats of the Wistar 
strain (wt. 100-120 g.) were used. They were kept without 
food for 24 hr. before being killed by decapitation. The dia- 
phragms were removed and treated as described previously 
(Smith & Jeffrey, 1956). Two hemidiaphragms from the 
same animal were used in each Warburg flask and were 
incubated at 37° for 15-60 min. under an atmosphere of O,. 

Incubation media. The phosphate-saline solution of 
Stadie & Zapp (1947) was used initially, because it had been 
employed in the earlier experiments (Smith & Jeffrey,1956) 
concerned with the effects of salicylate on glycogen break- 
down and oxygen uptake. However, after incubation in 
this medium the diaphragms were frequently observed to 
contract during transference to the freezing mixture before 
extraction of the phosphate compounds. The salt solution of 
Sacks & Sinex (1952), in which such contractions did not 
occur, was therefore used in the later experiments. Glucose 
was added to both media to give a final concentration of 
001m, and the sodium salicylate was added from the side 
arm of the flasks after temperature equilibration to give 
final salicylate concentrations ranging from 0-1 to 5 mm. 


The pH was 7-4 for the salt solution of Stadie & Zapp and 
7-0 for the Sacks & Sinex solution, and it did not alter 
significantly during the course of the experiment. 

Methods of analysis. After incubation the diaphragms were 
removed, blotted on filter paper, and immediately frozen in 
a mixture of ether and solid CO, in a stainless-steel crucible. 
The subsequent extraction procedures were performed in a 
room maintained at 2-5°. The frozen tissue was powdered 
with a stainless-steel pestle and mortar, previously cooled 
with the freezing mixture, and transferred to a centrifuge 
tube containing 2 ml. of 10% (w/v) trichloroacetic acid. 
The mixture was thoroughly stirred for 1 min., centrifuged, 
the supernatant removed, and the residue re-extracted with 
2ml. of 5% (w/v) trichloroacetic acid. The combined 
supernatants were neutralized to phenolphthalein with 
5Nn-NaOH and the volume was made up to 10 ml. with 
water. The total extraction time for each diaphragm was 
5-6 min. Inorganic phosphate and creatine phosphate (as 
acid-molybdate-labile phosphate) were estimated in the 
trichloroacetic acid extract by the method of Ennor & 
Stocken (1948). This method is not specific for creatine 
phosphate and may include small amounts of hexose 
phosphates and other unidentified compounds (Ennor & 
Rosenberg, 1952). Total acid-labile phosphate was estimated 
in the trichloroacetic acid extract after hydrolysis in N-HCl 
for 10 min. and was assumed to consist mainly of creatine 
phosphate and ATP. The vaiues observed for the phosphate 
compounds in the control diaphragms showed good agree- 
ment with those reported by other workers using more 
precise analytical techniques (Sacks & Sinex, 1952). 


RESULTS 
The results in Table 1 show the effect of 5mm 
salicylate on the levels of inorganic phosphate, 
creatine phosphate and ATP in rat diaphragms 
incubated aerobically for 15, 30 and 60 min. at 37° 
in the medium of Stadie & Zapp (1947), and Table 2 
gives the results of similar experiments in the 
medium of Sacks & Sinex (1952). In all the following 
tables the significances of the differences between 
the means of the control and salicylate groups have 
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Table 1. Effect of 5 mm salicylate on inorganic phosphate, creatine phosphate and ATP of 
diaphragms incubated aerobically in the medium of Stadie & Zapp (1947) 
Results are expressed as mg. of P/100 g. wet wt. (Mean values +s.p.). 
Inorganic P Creatine phosphate ATP 
isting A Lenbianaelatinies. r on a Vs niceeeianiidilananed 
Time (min.) 15 30 60 15 30 60 15 30 60 
No. of expts. 3 6 6 d 6 6 3 6 6 
Control 63-9476 615455 655485 22-2438 21:544-7 17:249-1 30-4445 389489 30-5424 
Salicylate 81-0+4:0 77-7441 823453 50441 36424 4443-2 154456 64475 11-8485 
r 0-02 0-001 0-01 0-01 0-001 0-01 0-02 0-001 0-001 
Table 2. Effect of 5 ma salicylate on inorganic phosphate, creatine phosphate and ATP of 
diaphragms incubated aerobically in the medium of Sacks & Sinex (1952) 
Results are expressed as mg. of P/100 g. wet wt. (Mean values+s.p.). 
Inorganic P Creatine phosphate ATP 
——————“— —————; = SS ee A manne 
Time (min.) 15 30 60 5 30 60 15 30 60 
No. of expts. 8 12 11 8 12 11 8 6 8 
Control 23-243°7 25°54+3-7 25-7440 22: 613-4 19-14+3-6 18-4448 27-9444 20-943°8 24343-4 
Salicylate 51- 6+ 3-6 41- 844: 2 36-4+44-6 15425 354129 3842-0 143460 3: ‘942 9 7642-7 
Statistical comparison of the results of the control and salicylate groups showed that P< 0-001 in every case. 
Table 3. Effect of decreasing concentrations of salicylate on inorganic phosphate, 
creatine phosphate and AT'P of diaphragms 
Diaphragms were incubated aerobically for 60 min. in the medium of Sacks & Sinex (1952). Results are expressed as 
mg. of P/100 g. wet wt. (Mean values+s.p.). 
Conen. of 
salicylate No. of Inorganic Creatine 
(mm) experiments phosphate phosphate ATP 
Control 8 25-744-0 18-4+4-8 24-343-4 
5 8 36-4+4-6 3°8+2-0 7642-7 
P=0-001 P=0-001 P=0-001 
] 7 35-0+7-5 4-9+2-6 78443 
P=0-01 P=0-001 P=0-001 
0-5 6 31-5+1-9 14-2+43-7 16-6+3-4 
P=0-01 P=0-05 P=0-001 
0-1 7 27-4424 13-7421 16-54+2:5 
P=0°3 P=0-02 P=0-001 
been analysed by Student’s ¢ test and values of P are DISCUSSION 
included. 

Salicylate (5 mm) caused significant reductions of The present results show that salicylate caused 
creatine phosphate and ATP and a concomitant _ significant reductions in the levels of energy-rich 
increase in the inorganic phosphate at 15, 30 and phosphate bond compounds in the rat diaphragm. 
60 min. in both media. The creatine phosphate Creatine phosphate almost completely disappeared 


disappeared more rapidly than the ATP as shown by 
the results at 15 min. 

Table 3 shows that these effects of salicylate were 
by 
salicylate, although significant reductions of the 
creatine phosphate and ATP in the diaphragms were 
observed after an incubation for 60 min. with 0-1m™M 


diminished 


salicylate. 





decreasing the concentration of 











after incubation for 15 min. and ATP was reduced 
to about half the corresponding control value at 
15 min. and to a constant low level with longer 
incubation periods. 

One of the possible mechanisms to explain these 
changes is that salicylate interferes with the forma- 
tion of ATP and thus causes an increased breakdown 
of creatine phosphate by the Lohmann reaction. The 
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Table 4. Comparison of the effect of dinitrophenol and salicylate on the rat diaphragm 


Dinitrophenol 
O, uptake 


Glycogen breakdown 
aerobic conditions? 4 ¢ 


Glucose uptake 


CO, production 
[14C]glucose by 5 x 10-5 m? 


Creatine phosphate 
and ATP concn. 


@ Belotf-Chain et al. (1953). 
‘Stadie, Haugaard & Marsh (1951). 
' Present work. 


increased oxygen uptake of the diaphragms incu- 
bated with salicylate (Smith & Jeffrey, 1956) 


| suggests that the impairment of production of 


a 


energy-rich phosphate bond compounds may result 
from an interference with oxidative phosphoryla- 
tio reactions rather than with either creatine 
phosphokinase or glycolysis. Some support for this 
view is provided by the close similarity between the 
effects of salicylate and 2:4-dinitrophenol which 
is known to uncouple oxidative phosphorylation 
reactions. Both substances increase oxygen con- 
sumption in man (Cochran, 1952; Tainter & Cutting, 
1933), in the rat (Meade, 1954), and in isolated 
tissues (Sproull, 1954), and they have very similar 
actions on the rat diaphragm (Table 4). 

The rapid breakdown of glycogen and the in- 
creased accumulation of lactic acid and increased 
respiratory quotient observed in diaphragms incu- 
bated with 5mm salicylate (Smith & Jeffrey, 1956) 
may be evidence of substrate breakdown to provide 
energy for inefficient phosphorylation mecha- 
nisms. The decreased glucose uptake which was 
also found is explicable on the same basis if the 
first step in glucose utilization involves phosphoryla- 
tion. 

The concept that salicylate may cause a defect in 
the energy production and hence impair the syn- 
thetic efficiency of the tissues may provide an 
explanation of some of the effects of the substance on 
carbohydrate metabolism in animals. The injection 
of sodium salicylate, producing plasma salicylate 
concentrations of the order of 5mM, causes a 
marked lowering of the blood-glucose concentration 
of the fasted alloxan-diabetic rat (Smith, Meade & 
Bornstein, 1952). In this animal preparation the 
fasting blood glucose must be derived from synthetic 
reactions, the increased liver glucose 6-phospha- 
tase activity present (Langdon & Weakley, 1955) 
producing hyperglycaemia rather than _liver- 


glycogen deposition. The hypoglycaemic effect of 
salicylate may therefore be due to defective glucose 
synthesis resulting from an interference with the 


Increased by 5 x 10-°m. Increase at 
10-*m followed by inhibition?~° 


Increased by 5 x 10-5m to 10-4m under 


Decreased by 5 x 10-5 to 10-*m at 1 hr,” 
Increased production of CO, from 


Decreased by 2 x 10-5m to 10-4m% 4-9 


> Villee, Deane & Hastings (1949). 
f Barnes, Duff & Threlfall (1955). 


Salicylate 
Increased by 10-4 to 5 x 10-°m. Increase 
at 5 x 10-m followed by inhibition” 


Increased by 5 x 10-4m to 5 x 10-3 under 
aerobic conditions” 


Decreased by 5 x 10-* at 2 hr.” 


Increased R.Q. by 5 x 10-3 m* 
Decreased by 10-*m to 5 x 10-3 m* 


4 Pierce & Field (1949). 
” Smith & Jeffrey (1956). 


© Sacks & Sinex (1952). 
9 Ottaway (1955). 


formation of energy-rich phosphate bonds. A 
similar explanation may apply to the hypoglycaemic 
action of salicylate observed in diabetic patients 
(Dibenedetto Dell’ Aquila & Angarano, 1954) and in 
adrenalectomized rats (Smith, 1955b) and hypo- 
physectomized rats (Comulado, Carlo & Smith, 
1953). Although an increased rate of glycogenolysis 
due to release of adrenaline may be an important 
factor (Smith, 19556) in the depletion of liver 
glycogen caused by salicylate in the normal rat 
(Lutwak-Mann, 1942), impairment of glycogenesis 
due to an inadequate production of energy-rich 
phosphate bonds may also be concerned, particu- 
larly as salicylate diminished glycogen synthesis in 
isolated rat-liver slices (Smith, 1955a). The an- 
tagonism between salicylate and adrenal-cortical 
extracts and steroids in the deposition of liver 
glycogen in the fasting rat (Winters & Morrill, 
1955) and the adrenalectomized rat (Smith, 1952), 
and in rat-liver slices (Smith, 1955a), is also ex- 
plicable on the same basis if the glyconeogenesis, 
normally induced by the adrenal-cortical com- 
pounds, is inhibited by a failure of formation of 
energy-rich phosphate bonds in the presence of 
salicylate. 

To obtain further information about the possible 
action of salicylate on oxidative-phosphorylation 
processes it is proposed to study the effect of 
salicylate on the oxygen consumption and uptake of 
inorganic phosphate of mitochondrial preparations. 


SUMMARY 


1. The effects of salicylate on the amounts of 
creatine phosphate, adenosine triphosphate (ATP) 
and inorganic phosphate in the isolated rat dia- 
phragm have been investigated. 

2. Salicylate caused decreased levels of creatine 
phosphate and ATP and increased the inorganic 
phosphate of the diaphragms. 

3. A possible mechanism and some implications 
of these changes are discussed. 
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Note added in proof. Since this paper was accepted for 
publication Penniall (1956) and Brody (1956) have shown 
that 2mm salicylate uncouples oxidative phosphorylation 
in preparations of rat-brain, -kidney and -liver mito- 


chondria. 
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